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The thyroid hormones, 3',3,5-triiodo-L-thyronine (T.) and 
3" ,5' ,3,5-tetraiodo-L-thyronine (Ty), are essential for normal growth 
and development and also exert profound influences on metabolic pro- 
cesses in the adult. Little is known about the molecular events 
responsible for these actions. Regulation of at least some of the 
hormonal-responses appears to be at the level of transcription. 

The present work has investigated specific binding of tare) 
in several subcellular fractions of rat liver, a known target tissue. 
Three problems of current interest were examined: the nature of spec- 
ific T, binding in cytoplasm and nuclei; the influence of the hormone 
on the nuclear content of specific T, binding sites; and, evidence for — 
the localization of nuclear "receptors" on DNA. 

I found specific binding of T, in cytoplasmic fractions from both 
normal rat liver tissue and a tumor (Hepatoma Tissue Culture) cell 


‘line. Both had apparent equilibrium constants of roughly 4 X 10° 
but linear analysis of the data could not distinguish the number of 
binding components. Correlation of displacement ability of hormone 
analogs for T, with their known biological activity did not implicate 
this binding in the mechanism of the hormone-response. In contrast, 
nuclear "receptor" proteins were found (by others) which bind T3, Ty 
and hormone analogs in proportion to their known biological activity. 

I was able to detect specific T, binding to nuclei with an equilibrium | 


10 y, 


constant of about 3 X 10° 


| 
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The content of these receptors was examined in nuclei from hypo- 
thyroid and euthyroid rats. The similarity in the number of sites 
indicated that T, (in contrast to the steroid hormones), does not 
appear to influence the nuclear content of its receptors. | 

The major portion of this dissertation focuses on the subnuclear 
localization of the nuclear receptors. Early work in this laboratory 
showed that all the nuclear binding could be accounted for in isolated 
chromatin and that the receptors concentrate in chromatin subfractions 
enriched in DNA. I found that the nuclear receptor is a DNA-binding 
protein. An agarose filtration assay and a DNA-cellulose assay were 
used to demonstrate that solubilized receptors bind to DNA, whereas 
free T_ even in the presence of bovine serum albumin or a denatured | 


3 | 
receptor preparation did not. T, bound to plasma proteins, also did 


not associate with DNA. The DNA binding occurs at physiological ionic 


Strength. Most of the receptors are capable of binding to DNA. There 
are at least 80,000 receptor binding sites per diploid DNA, which 
vastly exceeds the number of receptors found in the nucleus. 


The association of complexes with DNA-cellulose could be blocked 


by soluble DNA in the reaction mixture (indicating that the assoc- 


iation was not due to receptor aggregation). Specificity of the recep- 


tors for various polynucleotides was examined by measuring their ability 


to inhibit the binding of the receptor-complex. There was similar bind- 
ing by native and denatured:DNA, by eukaryotic DNA from different 
species and by a prokaryotic DNA (Bacillus subtilis). Binding by nat- 


ural DNAs was more avid than by cytoplasmic RNA, nuclear RNA, poly(dA-dT)- 


poly(dA-dT)>or Under these conditions, . 
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binding by tRNA and poly(dA) was insignificant, and the nucleotide 
monomers, ATP and GTP, had no detectable binding. 

These studies provide support for the following ideas: the 
interaction of the receptors with DNA could be 2 major determinant for - 
receptor localization in chromatin; receptor action may have a trans- 
criptional rather than processing or other post-transcriptional roles; 
and, the polynucleotide composition and/or conformation may have marked 
influences on the binding such that multiple orders of binding affin- 
ities could exist. This binding may or may not be nonspecific; it is 
possible that specific sequences are present asa small proportion of 
the total binding. Thus, the several thousand thyroid hormone. receptors 
which are present in target cell nuclei may be required to enhance the 
possibility of receptor localization at the smaller number of. actual 


sites of action. 
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CHAPTER ONE 


INTRODUCTION 


The thyroid hormones, triiodothyronine (T,) and thyroxine 
(Ty) are iodine containing amino acids which are secreted by the 
thyroid gland. The molecular structures of Ty (Fig. 1) and Tz 


differ only in that T, has no iodine in the 5' position 


3 | 
probably the more important of the two hormones. Although some . 
of the T; is produced by the gland, most is derived from deiodin- 
ation of Ty in the peripheral tissues. 

Thyroid hormones are important regulatory molecules. They . 
have multiple effects on metabolism in the mature animal (2) and 
are essential for growth and development (2,3). The actions on 
growth and development in humans are particularly dramatic in the 
skeletal and nervous systems (3). Humans with congenital hypo- 
thyroidism (cretins) have abnormal structural differentiation of 
bone (e.g. epiphyseal dysgenesis) at birth and marked postnatal 
growth retardation. Bone deformities are reversible if replace- 
ment therapy begins before puberty. Irreversible cerebral damage 
occurs if the fetus or young child is deprived of thyroid hormone 
(3). 

The thyroid hormones produce changes in such varied sys tems 
as carbohydrate, lipid, and mineral metabolism, and are involved 


in the regulation of temperature and oxygen consumption (4). These 


effects are observed in many tissues. 


Stimulation of the basal metabolic rate (BMR) in the whole 


] 
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Principal features of T, molecule, shown in attempt at 
sional display. From right to left, a, alanine sidechain; b, inner or alpha 
benzene ring carrying 3,5-diiodo substitutions and lying in a plane perpen- 
dicular to that of the page; ¢, ether oxygen linkage, foriaing 110° angula- | 
tion; d, outer or beta ring carrying 3 substitutions and 
whe plane of the page. (1) 


OH A | 
| | 
H NH, OH 
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animal is one of the earliest and most obvious effects of the 
thyroid hormones (5). Thus, mitochondria, as an oxygen-requiring, 
energy producing system were for a long time thought to be the 
site of the hormones' action on oxygen consumption. In 1954, 

Hoch and Lipmann (6) hypothes {zed a mitochondrial “uncoupling” 
mechanism for T, similar to that known for dinitrophenol. However 


persistent this theory has been, it is unlikely that "uncoupling" 


‘can account for the mechanism of thyroid hormone action for the 


following reasons: the rats used in the original studies (6) 
had received toxic doses of the hormone; when nontoxic doses of 
Ty were used in mitochondrial respiration studies, uncoupling did 
not occur (7); and even though both T, and dinitrophenol stimu- 
late oxygen consumption in the intact kidney, dinitrophenol has 
been shown to decrease renal tubular reabsorption of Na* (8) where- 
as T3 increases Na* reabsorption (9). Thus, there appears to be 
a rapid direct action of high levels of thyroid hormones on mi- 
tochondria, and a slow, stimulatory effect which occurs at phys- 
iologic concentrations which promote cellular growth (5). The 
mechanism of either effect ‘is unknown. | 
Early studies on the biochemical basis of thyroid hormone 
action and thyroid hormone responses were largely carried out in 
rat liver, an important target tissue. Among the earliest known 


effects of thyroid hormone on the liver are increases in nuclear 


RNA and RNA polymerase activity, followed by increases in micro- 


» 
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somal RNA, the number and aggregation of ribosomes and protein 


synthesis (5,10). The molecular mechanisms by which thyroid 
hormones regulate these macromolecules are unknown. However 
the diversity of the responses to T3 and Ty and the differences 


in response which can occur (e.g. on mitochondria) at physio- 


- logical versus toxic doses, suggest that these hormones may 


exert control at many subcellular levels. 


Biochemical Study of the Thyroid Hormone Response 


- Three systems have been particularly attractive for study of 
the hormones response in target tissues. These systems are: 
1. developing tadpoles (5,11-13) and mammalian liver (5,14,15) 
in which enzymes are inducible; 2. kidney, liver and muscle and 


other tissues in which induction of Na*/K*-dependent ATPase occurs 


— (16); and, cultured pituitary cells in which cell growth and syn- 


thesis of protein hormones are regulated (18,19). In each system 
at least one macromolecular species appears to be inducible by 
thyroid hormones. Thus, there is a means of examining the levels 
of regulation by the hormones. The effects of T, on the production 
of specific macromolecules (e.g. a specific mRNA) must be separated 


- from general stimulatory effects in the cell (e.g. increased 


ribosomal RNA synthesis). The actual mechanism of both specific 
mRNA regulation and stimulation of a class of RNAs may be approach- 
able by future results coming from all of these systems. 

The effect of T. and Ty on amphibian metamorphosis is one of 


3 
the most dramatic of the hormones' developmental actions (5,11,13). 


A 


Physiological concentrations of either hormone are essential for 


metamorphosis. Administration of T, to the premature tadpole 


4 
will produce early onset of metamorphosis as well as the early in- 
duction of new enzymes (adult hemoglobin and glutamate dehydrogen- 
ase, and several enzymes of the urea cycle) (5,11,13). These 
effects occur concommitantly with stimulation of RNA synthesis 
and RNA polymerase activity (5,12,13). Fetal rats demonstrate a 
similar induction of at least one of the urea cycle enzymes (in- 
creased amount of enzyme), as well as earlier appearance of in- 
creased activity of other enzymes, including a-glycerophosphate 
dehydrogenase (5,14). T,-induced increases in RNA polymerase 
activity and RNA production have also been shown in this system 
(5,10). Many of these hormonally induced effects can be pre- 
vented by inhibitors of macromolecular synthesis (5,11-13). Al- 
though these types of experiments must be interpreted with caution, 
these studies suggest the possibility that thyroid hormone actions 
are mediated by synthesis or degradation of specific mRNAs. 

A partial explanation for the thermogenic action of T3 has 
been proposed by Edelman and Ismail-Beigi (16). About one-half 
of the thyroid hormone induced increase in oxygen consumption in 
the thermogenic target tissues liver, kidney and skeletal muscle 
can be attributed to increased use of energy for active transport | 

_ of Na*. A good correlation of Nat/K* ATPase activity with T3- 


induced oxygen consumption was shown by both kinetics and "dose- 


5 


response" studies. All studies were done with rats and a "toxic" 


T, state was carefully avoided. Experiments which utilized radio- 


active labeling of one of the subunits of Na*/K" ATPase showed 
that the increased activity induced by T3 was due to the synthesis 
of a greater number of Na*t/K* ATPase molecules; degradation was 
not affected. The regulation of Na*/K* ATPase by T3 does not 
represent the case of a "signal" for production of a new gene 
product, but the modulation of a protein already produced (17). 
Thus, the T-induced increase in activity explains part of the 
stimulation of oxygen consumption; the mechanism of the remainder 
of the stimulation has not been elucidated. 

Samuels and coworkers are investigating the mechanism of 
action of thyroid hormone in cultured pituitary (GH) cells (18-22). 
These cells synthesize the protein hormones prolactin and growth 
hormone. Physiological concentrations of T3 were found to inhibit 
prolactin secretion and to stimulate the secretion of growth hor- 
mone (19). Secretion of these proteins is a reasonable measure 
of their production since neither is stored in GH cells (23). The 
stimulation of growth hormone synthesis has also been shown in 
extracts of GH cells by both radioimmunoassay and by specific 
antibody precipitation (24), indicating that new hormone molecules 
are being produced. The effect on prolactin synthesis (inhibition) 
could be blocked with actinomycin D, suggesting that RNA synthesis 
was required for inhibition of prolactin release (19). Other 


responses, cellular replication, glucose oxidation (18) and uridine 


| uptake (25,26) were stimulated by similar concentrations of the 
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hormones. The cellular replication response has also been shown 

in HeLa cells, another tumor cell line (27). Recent studies in 
this laboratory using GH cells show that the stimulation of uridine. 
uptake by T, is blocked when actinomycin D, cyclohexamide or cordy- 
cepin is added simultaneously with the hormone (26). Segal et al., 
also using physiological concentrations of hormone , reported an 
effect of T, on the uptake of 2-deoxy-glucose, leucine and uridine 
in chick embryo heart cells (28). In contrast, these workers 

find no effect of actinomycin D on T,-stimulated cellular uptake | 
within the first six hours. They do find that the enhanced uptake 
of 2-deoxy-glucose is inhibited by actinomycin D after six to 
twenty-four hours (28). Data from both groups are quite prelim- 
inary and in disagreement concerning the uridine result. They do 
Suggest that the regulation by T, may not always require macro- 
molecular synthesis, indicating that the hormone may regulate trans- 
port at several levels. Nevertheless, several different transport 
processes, including that of Na+ and small organic molecules are all 
influenced by thyroid hormone. 


The Search for Thyroid Hormone Receptors 


Specific thyroid hormone binding components have been investi- 
gated in hormone-response cells since at least 1958 (29). Exten- 
sive studies were made on both cytoplasmic and particulate sub- 
fractions (30-33). More recently specific T, and T, binding has 
been described in cytosol (33-41), mitochondria (33,42) and 
nuclei (18-22,33,43-49), but only with the nuclear sites have 


7 
| 
| 


strong correlations between binding and effects of a number of 
hormone-active analogs been established. 

In 1972, Oppenheimer and colleagues (43), reported in vivo, 
specific binding of T3 in nuclei from thyroid hormone responsive 
tissues (rat liver and kidney). They have since demonstrated this 
binding to be very high affinity (an equilibrium dissociation 
constant of 2 x 107! M (44) and due to an extractable, "acidic" 
protein (45). These findings may prove to be a very important 
development in the endeavor to understand how T3 and Ty influence 
nuclear events. Similar high affinity, nuclear "receptors" have | 
now been reported by several other groups (20-22,46-49,51). Re- 
ceptor binding has been detected after T3 was administered in vivo 
(43-47) incubated with cultured cells (19,20), incubated with 
isolated nuclei (20,21,49-52), or bound in nuclear extracts 
(22,48,53,54). 


Nuclear "Receptors" for T3 
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Several lines of evidence suggest that these intranuclear 
thyroid hormone-binding proteins are important for regulation of 
responses mediated by the hormone (i.e. are actual receptors). 

The presence and relative quantity of receptors correlate tg 
some extent with known measures of hormone response. Oppenheimer 


et al. (55) measured the relative concentration of specific T3 


_ nuclear binding sites in various rat tissues. The relative order 


of binding capacity was reported to be as follows: anterior 


pituitary, liver, kidney, heart, brain, spleen, testis. These 
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authors compared binding capacity as to levels of tissue- 

specific T,-responses; hormone induced increases in a-glycero- 
phosphate dehydrogenase and oxygen consumption were taken 

from earlier work published by others. By these criteria, spleen, 
testis and brain are unresponsive tissues. The authors found 
that receptor capacity of the tissues based on per mg DNA, 
indicate that spleen and testis have extremely low levels of 
receptor compared to liver (3% and 0.4% respectively). Ona 

per g wet tissue basis, the testis value remains low (1%), while 
the value for spleen receptor is considerably higher (18%). 


Brain levels are 44% (on a DNA basis) and 24% (on a g tissue 


basis) which do not correlate well with the measured responses 


of oxygen consumption or a-glycerophosphate dehydrogenase increase, 
although it is almost certain that this tissue responds in other 
ways to the hormones. Receptor content has also been related 

to tissue responsiveness in other systems. Nuclear receptors 

are present in T, growth-responsive HeLa cells in culture (56), 
while there are no T,-receptors in the invertebrate, drosophilia 
which is not known to be thyroid-hormone responsive (56). | 


Good correlations of binding capacity and T.-response will be 


greatly assisted when the capacity of we animal tissues can 
be measured in tissue culture and a known biological response 
measured simultaneously using a sensitive, quantitative bio- 
chemical assay. 


The receptors have a higher affinity for the more biologically 
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active hormone T 


3 than for Ty (20,22,44,52-55,57). Even though 


various groups have somewhat different absolute values for the 


Tz and T, high-affinity association with nuclei (Kd), each in- 


4 
vestigator finds roughly a 10-fold receptor preference for 
binding T,, which is about 10 times more biologically potent. 
Solubilized receptors have somewhat lower equilibrium dissoci- 
ation constants for T, and T, than the values found in nuclei, 


but the relative affinities remain after solubilization (22,50, 


53,54). 


Experiments using cultured GH cells show good agreement be- 
tween the concentrations of T3 and Ty required for binding to 
the receptor and for the hormonal response (18-20). Samuels 
and co-workers found that a half-maximal growth response in GH 
cells (18) was produced by free hormone concentrations which 
are close to the Kds of the GH cell nuclei for T and T, (2.9 
x 10°'! M for T3) (20). Similarly a half-maximal inhibition of 
prolactin secretion occurred at a free T; concentration of 3 X 
m) (19). 

Finally, there is an excellent correlation between the 
biological activity of an extensive series of thyroid hormone 


analogs and the analogs' ability to compete with Tz for binding 


to the receptor (22,50,52,53,57). 


In 1973, Oppenheimer et al. reported (57) that if distri- 
bution and metabolism were considered, a good correlation could 


be made between the ability of a limited number of thyroid hor- 
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mone analogs to displace nuclear bound T, in vivo and the bio- 
logic potency of the analog. In order to avoid difficulties con- 
cerning differential distribution and metabolism of hormone 
analogs in the whole animal these workers restudied the same 
series of analogs in vitro (50) using isolated rat liver nuclei. 
The in vitro studies substantiated the earlier conclusions. In 
a more recent work (52), the same in vitro displacement assay 
was used to rank an extensive sertes of thyroid hormone analogs 
for which biologic potency studies had been published. A large 
number of analogs were tested (thirty-five) most of which show 
excellent correlation with biologic activity. A limited number 
of thyroid hormone analogs were measured in nuclear extracts of 
GH cells and correlated with the corresponding increase in the 
magnitude of the growth response (22). The GH cell studies 

have the advantage that the analog binding and the biologic re- 
sponse can be measured in the same cell type. The correlative 
studies in rat nuclei (52) are important, since a very extensive 
series of analogs was tested for nuclear binding and compared 
with a well-characterized biological assay, the anti-goiter 
assay (58). 

In summary, intranuclear thyroid hormone binding proteins 
may be actual receptors since: 1. they are present in thyroid 
hormone responsive tissues; 2. they have a higher affinity for 
T, (the more active hormone) than T,; 3. the concentrations of 


T, and Ty required for receptor binding and for eliciting the 
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hormonal response are similar; and hormone analogs compete with 
T3 for binding in proportion to their biological activity. Al- 
though the nuclear receptors may mediate some of the actions of 
thyroid hormones, it is not known whether they are the only bio- 
logically important receptors. 

Physical Characteristics of the T3-Receptor 


An apparent molecular weight of this non-basic protein has 
been estimated (by gel filtration) and reported to be roughly 
65,000 daltons (45). Recent measurements in this laboratory es- 
tablished a Stokes radius for the protein of 35 A° (by gel filtra- 


tion on Sephadex G-100). Using this value and a velocity sedimentation 


value of 3.5S (from measurements in glycerol gradients), a molecular 
weight was calculated as 52,000 daltons (53). A frictional ratio 
(f/f,) of 1.4 (53) suggests that the receptor protein is not "cigar- 
shaped" as is the nuclear receptor for estrogen (59), but is some- 


what asymmetrical. Quaternary structure is unknown at this time. 


Specific Binding of T, in Cytosol and Other Non-Nuclear Cellular 
Fractions 

Specific thyroid hormone binding has been found in other cellular 
fractions (22,33-42) but none of these have characteristics which © 
are similar to the nuclear receptors. 

Cytosol proteins which bind thyroid hormones are present in at 


least the following rat tissues: Liver (33-37), kidney (33,35,38,40), 


brain (38) and cardiac muscle (38); they are also present in dog liver 
(33,39) and kidney (45), and human kidney (40). Cytosol T, and 
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Ty binding proteins have also been found to occur in anterior pi- 
tuitary tissue from pig (41) and cultured anterior pituitary 
cells derived from a rat tumor (22). It appears that rat liver 
cytosol has several thyroid hormone binding proteins (34,35,37). 
At least two groups have reported a specific binding component in 


rat liver which binds T, better than Ty (35,36). 


Specific cytosol binding differs greatly from the binding to 
the nuclear receptors described above in several important ways: 
1. The affinity in vitro for T, is much lower in cytosol (kd of 
about 2 X 107° M) (35) as compared to about 2 X 107!? m for nuclei 
(21,49). 2. In GH cells the capacity of cytosol for binding T; 

has been shown to be vastly greater (ca. 200-fold) (35) than it is 
for nuclei (ca. 8,000 sites) (21). In the GH cell system, cytosol 
has only a 10-fold lower affinity for T, (10° M) (22) than have 
nuclei (21), but there is almost no difference in the affinities 

for Tys so that cytosol binding in these cells has a preference 

for T, over T,. This is also found by Sufi et al. in porcine an- 
terior pituitary (41). 3. The specificities of cytosol and nuclear 
binders for hormone analogs are markedly different. For example, 
isopropy1-T, (3'-isopropy1-3,-5-diiodothyronine) is only 2% as ef- 
fective as T, in displacement studies in cytosol. (35) whereas in 


nuclei it is equal to T3 in displacement ability (50,52). The bi- 


_ ologic activity of isopropyl-T, (50,52) (and other analogs (35,50, 


52,)) does not correlate with the analog's ability to bind to cytosol 
(35) as it does for binding to nuclear receptors (21,35,50,52,57). 
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N. Defer et al. reported (36) liver cytoplasmic T, binding to be very 
different from nuclear T,-binding by kinetic analysis, sedimentation 
on sucrose gradients, and electrophoretic mobility. 

_ Mitochondria may also contain specific T3 binding proteins (33, 
42). Sterling and Milch (42) have found an interaction of T, with | 
liver mitochondrial membrane which has a Kd of about 10° !2 M. Very 
recently Tata (33) repeated his own earlier work examining subcel- 
lular binding of T3> now uSing “high specific activity" hormone. 

He too, has now found specific binding to rat liver mitochondrial 
membranes but with a Kd of about 1.3 X 107° M. The very different 
techniques used by these two groups may account for some of the 
discrepancies in their findings. Tata also found specific binding 
of T, in such other rat liver cellular fractions as microsomal, 
plasma membrane and cytosol (with Kds ranging from 4 X 10° M to. 
2 X 1078 m). He also reported specific binding in nuclei, nuclear 
("sap"), and a 0.4 M extract of chromatin (with Kds ranging from 4 
X 107? M to 1 X 1078 m). The relevance of this nuclear binding to 
that found by us and others already mentioned, will be discussed in 
Chapter Five. 

In conclusion, cytosol binding proteins for T3 and Ty have been 
characterized to some extent, and are present in many target tissues 
of the hormones. However, they differ from the nuclear binding pro- 
teins in that: they have a lower affinity and a much higher capacity 
for binding T3 and Tq; the correlation of the binding of either the 


thyroid hormones or hormone-analogs with biologic potency is not as ~ 
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extensive and certain physical characteristics are different. It 
is quite possible that there is a mixed population of cytosol 
binding proteins for the hormones and that some subpopulation may 
be cytosol receptors. However, this question needs more study. 
The study of mitochondrial and other membrane fractions is ex- 
tremely preliminary so that. the methodology is still in some doubt. 
The evidence is quite strong that the nuclear receptors have 
an important role in some of the responses to thyroid hormones. 
Since various biochemical systems are available for further study 
as to how these receptor's may effect gene expression, considerable 
interest has been focused on them as a possible approach for under- 
standing the nuclear mechanism of thyroid hormone action. 


Chromatin Localization of the T,-Receptor 


These intranuclear thyroid hormone receptor proteins appear to 
be tightly bound to the chromatin. 1. They remain associated with 
chromatin through isolation procedures after the hormone was bound 
in vivo (whole animal) (45,56,60), or in vitro (whole cells or 
isolated nuclei) (49,60). Also, specific binding of T, can be ob-. 
tataod by incubation of the hormone directly with isolated chroma- 
tin (49). 2. "High" salt concentrations (0.4 M) are required to 
remove them from chromatin (22,45). 3. The "complex" of T, plus 
the receptor can be "fixed" to chromatin by formaldehyde treatment 
(56). This property is a characteristic of bacterial RNA poly- 


merase, histones and only about 20-30% of the nuclear "acidic" 
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proteins and not seen with nonchromatin associated proteins (61). 
This laboratory has recently reported studies (56,62) of the 

distribution of receptors in chromatin subfractions. When isolated 

chromatin, from either rat liver or HeLa cells, was bound with T35 


sheared by mechanical means, and centrifuged in sucrose gradients, 


the bound C101, showed a preferential concentration in the more 


Slowly sedimenting fraction. This fraction contains most of the 
endogenous RNA polymerase and virtually all of the template activity 
as assayed by exogenous bacterial RNA polymerase ("open DNA") 
(56,61). This fraction also contains a lower ratio of protein to 
DNA. Therefore, one possible interpretation of these experiments 

is that the receptor is a DNA-binding protein and therefore may be 
preferentially concentrated in the subfraction of chromatin more 
enriched in DNA. 

In the more recent study (62), the subchromatin distribution 
of T,-receptors was determined in another way. Chromatin, from GH — 
cells, was sheared instead with deoxyribonuclease II and separated 
by centrifugation into two components. First, there is a soluble 
component of "active" chromatin which contains about 70% of the | 
nascent RNA chains but only 10% of the DNA (62,63). Further, hy- 
bridization studies show that this active chromatin contains a 
specific subset of RNA sequences which are actively transcribed in 
the target tissue (63). The ratio of protein to DNA in the two 


fractions is the same. This second method appears to give a more 
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genuine separation of active and inactive chromatin. Only 10-15% 
of the T,-receptors are found in the active chromatin fraction and 
85-90% of the receptors are found in the inactive fraction. These 
results suggest that most of the thyroid hormone receptors are 
present in transcriptionally inactive chromatin. Therefore, the 
preferential accumulation of receptors in the more template-active 
and DNA-enriched chromatin, prepared by the former hydrodynamic 
shear technique is more likely to be due to receptor association 
with DNA. | 


T,-Receptors as Chromatin Regulatory Proteins 


Transcription in eukaryotes may be regulated by nonhistone | 
chromatin proteins. For example, experiments by Paul and Gilmour 
(64) and others (65-67) suggest that nonhistone chromatin proteins 
influence tissue specific mRNA production. Few acidic proteins 
of chromatin have been identified which regulate the function of 
specific genes. The nuclear receptors for thyroid hormones, as 
identifiable nonhistone proteins should be useful for studying. 
regulation of gene expression and the organization of regulatory 
proteins in chromatin. 


Purpose of This Study 


The studies described in this dissertation were undertaken at 
a time when very little of the literature reviewed in the introduc- 
tion was known. This is particularly true of those works character- 


izing the T3-receptor and relating binding of the receptor with the 


hormonal-response. Since I was interested in how thyroid hormones 
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regulate gene activity, I began the present work by investigating 
specific binding of radioactive T, in subcellular fractions (binding 
which might qualify as hormone "receptors"). After some time, these 
investigations and those of others suggested that specific T, bind- 
ing in nuclei may be related to the biological response. The intra- 
nuclear "receptors" then became the focal-point for further investi- 
gation. This work has examined three problems of current interest: 
the nature of specific T, binding in cytoplasm and nuclei; the 


influence of the hormone on the nuclear content of T, binding sites; 


and, characterization of the subnuclear localization of the receptors. 


The major portion of this dissertation work has investigated the last 
problem by asking: Is the receptor a DNA binding protein? What is 
the nature of the DNA-receptor interaction? And particularly, is 


there evidence for specific T,-receptor binding sites on DNA? 
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CHAPTER TWO 


MATERIALS AND METHODS 
MATERIALS 
('r]1, (from Abbott Labs) was either "low" specific activ- 
ity, ca. 41 mCi/mg, or "high" specific activity, ca. 498 mCi/mg. 
By chromatography (69) it was 97% ['°r]t, and 3% ['7°r] Iodine. 
When specific radioactivity bound to nuclei was extracted as des- 
cribed elsewhere (20), over 98% was found to migrate with authen- 


tic Tz (69). Nonradioactive T, and T, were purchased from Sigma; 


3 

a stock solution of 5 mM T, in 0.1 M ae was kept frozen (-20°) 

in 0.2 ml aliquots; T, was stored at -20° and solubitized as needed. 
Analogs of hormones were the kind gifts of Dr. Eugene Jorgensen. 
Dithiothreitol and Bovine Serum Albumin were purchased from Sig- 
ma. Calf Thymus DNA (A grade), Bacillus subtilis DNA, and yeast 


tRNA were obtained from Calbiochem. Poly(dA-dT) -poly(dG-dC) ‘poly 


(dG-dC) and poly (A) were purchased from P.L. Biochemicals. The 
cytoplasmic and nuclear RNAs were the kind gifts of Beatrice Levy 
W. DNase I, RNase free, and RNase were from Worthington. Acti- 
vated charcoal (Norit-A) was from Fisher and was prepared as 
described (70). 

Buffers. The pH of buffers was determined at 0° unless sta- 
ted otherwise. Incubation Medium was Swim's S77 medium (Grand 


Island Biological Company) with 3 g glucose/1 and buffered with 
0.5 g NaHCO3/1 and 0.50 mM Tricine (N-tris(hydroxymethy1 )methy1- 
glycine) adjusted to pH 7.6 at 37°. 


19 


Phosphate-buffered saline (PBS) consisted of 0.1 M NaCl and 


0.025 M potassium phosphate, pH 7.6. 
Buffer A was 20 mM Tricine, 2 mM CaCl,, 1 mM MgClo, pH 7.4. 
Buffer B was 20 mM Tricine, 0.25 M sucrose, 2 mM CaClo, 1 

mM MgCl5, 5% glycerol, 0.1 mM dithiothreitol, pH 7.6 or 8.4, as 

indicated. 
Buffer C consisted of 20 mM Tris, 0.25 M sucrose, 1.mM MgClo, 

0.1 mM dithiothreitol, 5% glycerol, pH 7.6 or 7.8 as indicated. 
Buffer D contained 20 mM Tris, 0.25 M sucrose, 5% glycerol, 

1.0 mM EDTA and 0.1 mM dithiothreitol, pH 8.4. 

Buffer E was 20 mM Tris, 5% glycerol, 1.0 mM EDTA and 0.1 

mM dithiothreitol, pH 7.7 or 8.4. | 
Buffer N contained 0.1 M NaCl, 20 mM Tris, 1.0 mM EDTA, pH 

7.8 or 8.2 as indicated. | 
Buffer S consisted of 0.34 M sucrose, 15 mM MgCl, and 0.24 

mM spermine. 

Buffer T was 2.1 M sucrose, 6.5 mM MgCl, and 0.1 mM sper- 


mine. 


Buffer X was 10 mM Tris and 1 mM EDTA, pH 8.0. 


20 


: 


METHODS 
All procedures were at 0-4° unless stated otherwise. Protein 


concentrations were determined by the method of Lowry (71). 


METHODS UTILIZING RAT HEPATOMA TISSUE CULTURE 


Triiodothyronine Binding by Whole Cells 


HTC cells were grown in spinner culture (72) and harvested 
in late log phase (5 X 10° cells/ml); cells (2.5 liters) were 
washed twice with 1 liter of serum-free incubation medium (1500 

X g for 2 min) and were then immediately incubated with T3. A 
total incubation volume of 500 ml contained 5 X 10° cells/ml, 0.1 
% NaHCO,, 2 mM NaOH, and 10-8 M radiolabeled in incubation 


medium; parallel incubations were the same except they contained 


from 5 X 1078 to 5 X 107? 


M nonlabeled Tz. The incubation mix 
was stirred in a warm room (37°) for 2 hr. The cells were col- 
lected (1500 X g for 2 min), each pellet was washed with 50 ml 
cold PBS (1800 X g for 2 min) and were resuspended in 3-4 vol- 
umes of buffer A. Hormone binding by whole cells was determined 
by counting the radioactivity (by scintillation spectrometry) in 
0.1 ml samples. 


Fractionation of HTC Cells Bound with Triiodothyronine 


After following the above procedure, the final cell suspen- 
sion was homogenized with a motorized teflon pestle (6-8 strokes 
@ 700 rpm) and centrifuged (1000 X g for 2 min). The supernatant 
medium (S3) was centrifuged again (8000 X g for 10 min), the 
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pellet (P4) was saved, and the resulting supernatant medium (S4) 
was subjected to ultracentrifugation (100,000 X g for 2 hr), pro- 
ducing a supernatant (S6) and pellet (P6). The pellet (P3) ob- 


tained after centrifugation of the homogenate was resuspended in 
10 volumes of buffer A and centrifuged (1000 X g for 10 min). The 
pellet (P5) was saved. Fig. 2 gives the fractionation procedure 
in the form of a flow diagram. The various cellular fractions ob- 
tained were as follows: cytosol (S6); microsomol (P6), crude mi- 
tochondrial (P4) and nuclear (P5). Hormone binding was determined 
in the microsomal, mitochondrial and nuclear fractions after sus- 
pension of each in 1 ml HO and counting radioactivity (by scin- 
tillation spectrometry) in 0.2 ml aliquots. Binding in cytosol 


was determined by the charcoal assay described below. 


Preparation of HTC Cell Cytosol and Incubation with Triiodothy- 


ronine 


HTC cells were grown and harvested as described above, but 


were frozen (-20°) following the PBS wash. The cell pellet (from 


3 liters of cells) was thawed in 1 volume buffer A, disrupted by 
6-8 strokes with a motor-driven teflon pestle (700 rpm) and the 
homogenate centrifuged at 100,000 X g for 60 min (Beckman, Type 40). 
The supernatant was recovered ("cytosol") and determined to be 25 
mg/ml + 2.5 protein. Cytosol (0.2 ml) was incubated with (45777, 
in buffer A to a total volume of 0.4 ml. Incubations were for 1 h. 


Bound ("131 was measured by the charcoal assay described below. 


FLOW DIAGRAM FOR HTC 
CELL FRACTIONATION 
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METHODS UTILIZING RAT LIVER TISSUE 


Preparation of Rat Liver Cytosol and Incubation with Triiodothy- 


ronine 


Male Sprague-Dawley rats (each 200 g + 2.5) were killed by 
cervical dislocation and cardiac blood was removed. 15 ml of 
cold PBS was injected into the portal vein to perfuse and chill 
the liver, which was then placed in ice-cold buffer B, pH 7.6. 
The livers were was in PBS and weighed. Buffer B was added 
(1 ml/g tissue), the livers minced and then homogenized, centri- 
fuged and incubated with hormone as described above for HTC cell 
cytosol. Rat liver cytosol was 31 mg/ml + 4.2 protein. 
Triiodothyronine Binding by Rat Plasma 


Plasma was collected from blood obtained as described above 
from Sprague-Dawley rats. Some endogenous thyroid hormone was 
removed by incubation of plasma with 125 mg/ml of activated char- 
coal for 30 min at 37° in a shaker bath. After centrifugation 
(1,000 X g for 2 min), the supernatant plasma was diluted for use. 
For hormone binding studies, incubations and assays were as des- 
cribed above for HTC cell cytosol. For DNA binding studies, des- 
cribed below, charcoal treated plasma was diluted with 1 volume 
buffer C, pH 7.8 containing 2 mM EDTA. Plasma was incubated in 
buffer B, pH 7.6, with 1078 M cn, at room temperature for 
30 min and filtered over a Sephadex column (1 X 10 cm). The 
final concentration of plasma-bound c'4°1]7, was 5.2 X 10710 M. 
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CHARCOAL ASSAY TO MEASURE TRIIODOTHYRONINE BINDING IN SOLUTION 


The charcoal assay (72) was utilized to measure T3 binding 


in HTC cell and rat liver cytosols and in rat plasma. The charcoal 


absorbs free T;. In a typical assay, 0.05 ml of 100 mg/ml ac- 


tivated charcoal was added to a 0.4 m1 incubation of hormone with 


cytosol or plasma, the mixture was vortexed briefly (2 sec), and 


the bound T3 was determined as the radioactivity which remained 
in the supernatant medium after removal of the charcoal with two 
successive centrifugations (600 X g for 1 min and 10,000 X g for 
5 min). 0.2 ml of the second supernatant was counted for radio- 
activity (by scintillation spectrometry). Samples were also run 
which contained the same concentration of radioactive T3 plus a 
100 to 1,000-fold excess of nonradioactive T, to determine "back- 
ground" binding (73). 

The amount of T3 specifically bound by the cytoplasm or plasma 
was calculated by subtracting the charcoal resistant radioactivity 
of the "background" samples from the charcoal-resistant radio- 
activity of the corresponding sample without nonlabeled competitor. 
The assay conditions were selected based on the results of the 
following experiments. 1. A 3 sec or 3 min Vortex agitation re- 
moved virtually all radioactivity from test solutions of up to 
1077 M free ['*°1]T, in buffer A. 2. (Fig. 3 shows the effect of 
Vortex time on the specific binding). A Vortex agitation of 2 sec 
was chosen which provided maximal specific binding with a 10% 
background. 3. When a constant amount of c'5r11, (1078 M) was 


incubated with increasing concentrations of activated charcoal 
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Figure 3 


Effect of the Time of Agitation with Charcoal on the Binding 


of t, to Rat Liver Cytosol. 0.05 ml of 100 mg/ml activated char- 


coal was added to each 0.4 ml incubation (described elsewhere in 


the text) and the samples were Vortex-agitated for various lengths 


of time before centrifugation. 

A.) Radioactivity from incubations with 1078 M c'*rJ1, in 
the absence (o—o) and the presence (e—e) of 107° M nonradio- 
active Ta. | 

B.) Specific binding of ‘va * calculated as the differ- 


ence between the curves in A. 
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(Fig. 4), a plateau was seen (from 50 to 180 mg/ml charcoal) which 
provided maximal specific binding. 0.05 ml of 100 mg/m] was gen- 
erally used for assays. 4. Fig. 5 shows that the assay is linear 
over a range of 5 to 25 mg/ml added cytosol protein. Most ex- 
periments were performed with about 12 mg/ml added cytosol pro- 
tein. | | 

PREPARATION OF RAT LIVER NUCLEI FOR BINDING STUDIES 


This method is based on that of Samuels and Tsai (20-22) 
Livers were obtained from male Sprague-Dawley rats as described 
for rat liver cytosol. Livers were minced in 3-4 volumes of 
buffer B and homogenized with 5 strokes at 700 rpm of a motor- 
driven teflon pestle. All volumes cited are based on the origin- 
al tissue weight. After successively straining through one, two 
and four layers of cheesecloth, the homogenate was centrifuged 
(1000 X g for 7 min). The pellet was washed by first resuspend- 
ing it in 2 volumes of buffer A containing 0.5% Triton X-100, 
then by adding more buffer A containing 0.5% Triton X-100 to a 
final volume to weight ratio of 5:1, and finally centrifuging the 
resuspended mixture (800 X g for 7 min). This wash was repeated 
twice. The "purified" nuclear pellet was resuspended to 0.2 g/ml 
(unless specified otherwise) in buffer C, pH 7.6, and then used 
in the binding experiments. This resuspended mixture contained 
276 g + 20 of DNA/ml as measured by the technique of Giles and 
Myers (74), and 750 g/ml + 10 of protein. The ratio of protein 
to DNA was 2.7, similar to that obtained by Samuels and Tsai 
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Figure 4 


Effect of Charcoal Concentration on T3 Binding to Rat Liver Cytosol. 
A 0.05 ml suspension of various concentrations of activated charcoal 
was added to 0.4 ml incubation mixtures (described in the text) and 
0.2 ml of supernatant counted for radioactivity. 

A.) Radioactivity from incubations with 10-7 ['@°r]T, in 


> M nonradioactive 


the absence (o—o) and the presence (ee) of 10 
"3: | 
B.) Specific binding of ['*°I]T,, calculated as the difference 


between the curves in A. 
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Figure 5 


Relation Between Cytosol Protein Concentration and Specific 
Binding of T,. Incubation conditions, charcoal assay, and deter- 
mination of specific binding were as described in the text except 


various dilutions of HTC cell cytosol were used. 
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(21). When stained with 0.1% azure C and examined under a light 


microscope, this preparation contained whole nuclei, with some de- 
bris. 


Triiodothyronine Binding by Rat Liver Nuclei 


The reaction mixture (a total volume of 1 ml) contained 0.5 
ml of the nuclear suspension (0.2 g/ml) described above, buffer C, 
pH 7.6, 50 mM NaCl, 2 mM EDTA and 10-1 m to 10-8 
Parallel tubes were identical except that they also contained non- 
radioactive Tz as a competitor for specific ‘ee binding. 
Unless stated otherwise, the incubations were at 20° for 2 hr. 


Following incubation, samples were chilled in an ice bath and 


centrifuged (800 X g for 7 min). When appropriate, a portion 


(0.2 ml) of the supernatant was removed and assayed: for radio- 
activity to determine the free ('°1}1, concentration. The re- 
maining supernatant medium was then decanted. The pellet was 
washed by resuspending in 2 ml of buffer C containing 0.5% Tri- 
ton X-100 vortexing for 5 sec., centrifuging at 8000 X g for 7 
min, and then decanting the supernatant medium by inversion. This 
was repeated. The final pellet was assayed for radioactivity in 
a ®-spectrometer. Specific binding was determined by subtracting 
the counts per min bound in the incubation with excess competing 
T3 (nonspecific binding) from the counts per min bound in the 
incubation without competitor (total binding). 
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METHODS USED IN T.-RECEPTOR-DNA BINDING STUDIES 


Preparation of Solubilized ['4°1]T.-Receptor Complexes 


Method 1. Nuclei were prepared as for the nuclear binding 
experiments described above, and then incubated for 5 hr with 
10-8 m ['*°1]T, in 60 ml of buffer C, containing 2 mM EDTA. Non- 
specific binding was determined by a parallel incubation which, in 
addition, contained nonradioactive T3 at 10-6 M. Following cen- 
trifugation (800 X g, 10 min), the radiolabeled nuclei were 
washed with 6 ml of buffer C containing 0.5% Triton X-100, resus- 
pended in 0.8 ml of 0.4 M KCl in buffer C, incubated for 20 min and 
centrifuged (17,000 X g, 20 min). Macromolecular bound ('51]1, 
(T,-receptor complexes)were quantitated by filtration (in buffer C) 
over a G-25 Sephadex column equilibrated in the same buffer. Two 
different size columns were used: The "20 ml" column (3 X 10 cm) 
had from 1.0-3.0 ml of nuclear extract applied (Sample = X). It 
was collected as 7.5 ml, 1X, 1/2X, Im], Im. The "10 mi" column 
(1 X 9 cm) had 0.5 ml of nuclear extract applied and was collec- 
ted as 2 ml, 0.5 ml, 1.0 ml, 0.5 ml. As convenient, either a 
single highest fraction was used for experiments or fractions 


were pooled which provided the desired molarity of T.-receptor 


complexes. Typical molarities ranged from 2 X a nc 5 x 10-9 
M. Fig. 6 shows an elution profile of each of these columns. 

The figure also shows the c'*°171, obtained in the excluded 

volume when an incubation and extraction of nuclei with excess 


nonradioactive T3 present was conducted in parallel. About 95% 
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Figure 6 


A.) The Elution Pattern of ['@°1]T, after a Sample of the 
Supernatant from Salt Extracted ['251)-nuclei Was Applied to a "20 
ml" G-25 Sephadex Column as Described in the Text. The sample size 
was 2.3 ml. The nuclei had been incubated with 10° m ['°1]T, 
in the absence (omo) or presence of 107° M nonradioactive T, 
(e—e). The horizontal bars indicate, after the column volume, 
the size of the fractions (The same for both cases). 

B.) Same as A, except that the supernatant was applied 
to a "10 mi" G-25 column as described in the text and only ex- 
tract from the 1078 M (**r}t, incubation is shown. 
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of the G-25-excluded radioactivity was due to that specifically 
bound and over 50% of the specifically bound t'"1}1, in the 
nuclei had been extracted; these findings are in agreement with 
those of Samuels and Tsai (19 ). 

Method 2. Nuclei were prepared by a method adapted from | 
that of Goldberg, et al_. (75). Livers were obtained from male 


Sprague-Dawley rats as described above and stored in liquid 
nitrogen. Each preparation of nuclei used 160-240 g of frozen 
livers. After breaking up the livers with a pestle, buffer S 
was added (0.5 ml per g), the livers were thawed in a 25° water 
bath and filtered through a single layer of Miracloth (Calbio- 
chem). Buffer A> was added (3 ml per g) to 80 g batches and 
homogenized at maximum speed (two or three 1 min bursts) until 
examination by light microscopy (with 1% crystal violet, 0.25 M 
Sucrose, 3 mM CaCl4) showed intact nuclei and no cells. 

The homogenate was filtered in 100 ml aliquots through a 
single layer of Miracloth. About 120 ml was put into each 250 ml 
centrifuge bottle, underlaid with 2.0 M Sucrose until capacity 
was reached and centrifuged at 25,000 X g for 90 min. The pellet 
was washed twice using 1.25 ml Of (pH 8.4) buffer B/g original tissue 
and centrifugation (1000 X g, 10 min). After staining with 
crystal violet, inspection under the light microscope showed 


intact nuclei with some debris. 


T,-receptors were solubilized from nuclei by resuspending 
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them in 0.5 ml (pH 8.4) buffer: C/g original liver eontetates 

0.2 M (NH,),SO, and sonicating (biosonic, 50% power, medium probe) 
in two 15 sec bursts with a 30 sec cooling period between them. — 
After removal of particulate material by centrifugation (48,000 

X g, 30 min), the solubilized receptor preparation was stored 


at -20°. 


['*°1}T,-receptor complexes were formed by incubation of 


the solubilized preparation with 3 X 1079 M ['251}T, for 3 hr at 25° 
by which time binding was maximal (Fig. 7). | 

The "specific" and "nonspecific" binding in the soluble 
nuclear extract ("Fraction II") was determined by measuring the 
radioactivity which eluted (in buffer D, pH 8.4) in the excluded 
volume after filtration of a sample over a G-25 Sephadex column. 
Either a 0.5 ml sample was placed on a 1 X 10 cm G-25 column as 
described above or a 0.1 ml sample was assayed on a column of 
0.5 X 9 cm. Figure 8 A shows a "Fraction II" incubated with 
2x 1079 M tit, with and without 2 X 107° M nonradioactive 
T, as assayed on the 1 X 10 cm G-25 Sephadex columns. This 
incubation was at 0° for 12 hr. "Specific" binding to T,- 
receptors is the difference between the two curves. All of 
the specific binding to nuclei can be recovered in the extraction 
and the characteristics of the T, binding by the solubilized re- 


ceptors were found to be similar to those described by Samuels 
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Figure 7 


Kinetics of 


I]T, Binding to a Soluble Extract of Nuclei 
(T,-Receptor Complexes). Nuclei were treated by exposure to salt 
and sonication, and the extract incubated with Ct", as described 


in the text (Method 2) except that the time of incubation was 


varied. Each point was immediately assayed by filtration over a 


G-25 column (0.5 X 9 cm). T, receptor-complexes were quantitated 
by the radioactivity in the void volume. The bars show the range 
of duplicate determinations. 
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Figure 8 


Soluble T,-Binding Extracted from ['*°r]T,-Nuclei 
"Fraction II"; Elution Pattern on G-25 Sephadex. Solubilization, 
incubation with ('*1I1, and assay conditions are described in the 
text except that a 0.1 ml of sample was applied and 0.5 ml frac- 
tions were collected. The samples, “Fraction II", in A, and B, 
are from different nuclear extractions and incubations. 

A.) Fraction II was assayed after incubation with 2 X 1072 
M ('°r]T, in the absence (o—o) or presence of 2 X 1076 M 
nonradioactive T, (e-#). 

B.) Fraction II was assayed after incubation with 2 X 1079 M 
tay A before (o—o) and after rapid dialysis (e--e). A parallel 
sample which contained excess nonradioactive T, is also shown after 


dialysis (A—a). 
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et al. (and the same as the T3-receptors extracted by the previous 
method). Rather than use the filtration over G-25 Sephadex as a 
preparative procedure as previously, the free T3 and salt were 
removed by rapid dialysis (against 1 liter buffer D for 1 hr with 
changes each 20 min), which permitted larger volumes to be easily 
handled. The ionic strength was reduced to about 20 mM. The 
amount of ‘we binding was then measured using the G-25 | 
Sephadex (0.5 X 9 cm) columns (Fig. 8 B.). Figure 8 indicates 
that about 20% dilution occurs and the precent of T3 bind- 

ing which is "nonspecific" is smaller after dialysis,"Fraction 
III". 


Preparation of DNAs and RNAs 


Rat liver nuclei were prepared as for the solubilization of 
T3-receptors (Method 2) described above. DNA was isolated from 
40 g of these nuclei by a modification of the procedures of 
Ritossa and Spiegelman (76 ‘% The nuclear pellet was suspended 
in 25 ml buffer N containing 2% sodium dodecyl sulfate, followed 
ay three successive extractions of proteins (each with one volume 
of phenol-chloroform-isoamylacohol (25:24:1, v/v) and shaking 20 
min at room temperature). Between extractions, the mixture was 


centrifuged (17,400 X g, 30 min) and the aqueous phase was re- 


- covered with a wide mouthed (0.3 cm) Pasteur pipette. The DNA 


was then precipitated with two volumes of cold absolute ethanol, 
collected on a glass rod, and dissolved into 20 ml buffer N. To 


remove residual phenol, the solution was subjected to rapid 
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microdialysis (Hoefer) against 1 liter buffer N for 37 hr with 
changes each 12 hr. The final DNA solution recovered was 0.82 
mg/ml and had an absorbance 280/260 ratio of 0.52. 

Calf Thymus DNA was either used as purchased (after solubil- 
ization in buffer N) or repurified in a manner similar to the 
rat liver preparation above. The purification did not affect 
the DNA binding. Denatured calf thymus DNA was made by heating 
purified DNA to 95° for 5 min followed by immediate chilling in 
an ice bath. This resulted in a 25% increase in the absorbance 
at 260 nm. | 

Bacillus subtilis and the synthetic polynucleotides were 


used as purchased after having been dissolved in sterile buffer N. 
All DNAs were stored at -20°. | 
Transfer RNA was solubilized in buffer N and stored at -20°. 
Cytoplasmic and nuclear RNAs were stored at -20° after precipi- 
tation with two volumes of absolute ethanol. For use, the pre- 
cipitate was recovered by centrifugation (4,300 X g, 60 min) and 
solubilized in buffer N (pH 7.8). 
DNA Binding Demonstrated by Agarose Chromotography 


Calf Thymus DNA, at 1 mg/ml in HO, was sheared by 10 passes 
through a 27 gauge needle (77). The reaction mixture (0.6 m1) 
contained 0.12 mg/m! DNA, solubilized 1]T,-receptor complexes 
(1.9 x 10710 m to 5x10710 Mm), 2 mM EDTA and buffer C (pH 7.8). 
After incubation for 90 min, the reaction mixture was filtered 


on a Sepharose 2B column (1 X 26 cm) and was eluted in buffer C 
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containing 2 mM EDTA at 0.6 ml/min. Radioactivity was measured 
by scintillation spectroscopy of 0.5 ml samples from collected 
fractions. Recovery of added DNA in the excluded fractions 


ranged from 85-95% in various experiments. 


Preparation of DNA Cellulose 

Calf Thymus DNA was solubilized (3 mg/ml) in buffer X by 
1 week of incubation. DNA-cellulose was made by the procedure 
of Alberts and Herrick (78) and stored in buffer N at -20°. 
When needed, the cellulose was pelleted by centrifugation (800 
X g, 5 min) and resuspended in 10 volumes of buffer dD. The 
DNA content on the cellulose was determined by boiling for 30 
min and reading the absorbance of the supernatant at 260 nm. 
Each ml packed DNA-cellulose pellet contained 150 ug DNA. Cellu- 
lose which was used without DNA for "background" values was sub- 
jected to the same treatment throughout. | 
Incubation and Assay of ['*°1]T,-Receptor Complexes with DNA- 


Cellulose | 


Unless otherwise stated, the reaction mixture (0.8 m1/in- 
cubation) contained 0.1 ml of a 1:10 (v/v) slurry of DNA- 
cellulose (1.5 ug DNA), ['*°1]1,-receptor complexes (0.04 to 
0.2 nM) NaCl, 10% glycerol, 0.1 mM dithiothreitol, and 20 mM 


Tris, pH 8.2. 
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The binding of T3-receptor complexes to DNA on cellulose is 
greatly increased when the DNA is made more available to the re- 
ceptors by suspension of the DNA-cellulose. Table 1 shows the 


effect of several different suspension methods as compared to the 


single 2 sec Vortex which mixes the incubation. 


Figure 9 shows the apparatus used to obtain suspension of the DNA- 


- cellulose incubations. The incubation contents were placed in 12 


X 75 mm glass tubes. They were mixed with a single 2 sec Vortex, 
sealed, and attached to a wheel which was then rotated at 6-8 rpm 
for 60 min. ['°1]T,-receptor complexes bound to DNA were separ- 
ated from those unbound by pelleting the DNA-cellulose (800 X g, 
15 min), removing the supernatant by suction, and washing the 
pellet twice (2 ml buffer D, pH 8.2, each wash). The final pellet 
was then counted in a gamma -counter. Figure 10A shows that when 


rotated by this method T3-receptor complexes bind to DNA-cellulose 


_ to a much greater extent than to cellulose alone. DNA binding 


was determined as the difference between counts which pelleted 

in incubations with DNA-cellulose and parallel incubations with 
blank cellulose. Figure 10B indicates that DNA binding is much 
greater in those incubations which were rotated on the wheel and 
that only the DNA binding in the rotated tubes increases with time. 


Radioactivity 125 


I was assayed 1) by liquid scintillation 
spectrometry in a 1:3 mixture of toluene and Triton X-100 contain- 
ing 4g/1 Omniflour (New England Nuclear) and counted in a Beckman 
Scintillation spectrometer with an efficiency of 11% or 2) by gamma- 


spectrometry (Nuclear Chicago) with an efficiency of 74%. 
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Table 1 
Effect of Agitation Method on DNA Binding 


Receptor-[@°1]triiodothyronine complexes (3.4 X 10°! M) were 
incubated for 1 h employing several methods and varying the duration 
of suspension of the DNA-cellulose and cellulose.. The incubation 
contents were as described in the Materials and Methods except 


that 0.15 M NaCl was used. Only one wash was done. 


Method Frequency DNA Binding 
of 
Mixing (cpm/ incubation) 

-Vortex* once, at start 303 + 18 
Vortex every 10 min 1276 + 107 
Vortex . every 5 min 1224 + 201 
Shaken bath constant 960 + 190 
Rotating wheel constant 1575 + 104 


*each Vortex was for 2 sec 
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Figure 9 
The Rotary Apparatus Used to Maintain Suspension of the DNA- 


Cellulose. Sealed, glass, 12 X 17 mm, tubes containing the 
incubation mix were rotated at 6-8 rpm as described in the text. 
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Figure 10 


The Influence of Rotation of the Incubations on the Kinetics 


and Extent of Binding of T_-Receptor Complexes to DNA-Cellulose. 


3 
A.) T,-receptor complexes prepared by Method 2 were in- 


cubated at 1.6 x 107!9 M with DNA-cellulose or cellulose without 
DNA as described in the text except that the time of rotation was 
varied. 

B.) DNA binding was determined as the difference between 
the curves in A (as described in the Text). The extent of DNA 
binding with increasing time of rotation, and parallel incubation 
tubes without rotation is shown. 
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CHAPTER THREE 


SPECIFIC BINDING OF THYROID HORMONE IN CYTOSOL AND NUCLEI 


These studies were directed at determining where receptors might 
be present within the target cell, and then whether the intranuclear 
receptors should receive careful consideration as mediators of thyroid 
hormone action. Therefore, I first examined the binding of thyroid 
hormones by intact cells and by several cellular fractions. This 
chapter describes the results of studies of thyroid hormone inter- 
actions with components of hepatoma tissue culture (HTC) cells, 
derived from a rat tumor, and with components of normal rat liver cells. 


THE SEARCH FOR SPECIFIC T4-BINDING IN WHOLE HTC CELLS 


Distribution of ['°°r]T, in HTC Cell Fractions 

When HTC cells were incubated with radioactive T, under other- 
wise normal growth conditions, the cells washed, and components iso- 
lated, the labeled hormone was found associated with the whole cells 
and each cellular fraction examined (Table 2). The question of 
"specific" T, binding sites was investigated in experiments with 
parallel incubations which contained a 1000-fold excess of nonradio- 
active T, in addition to the oa "High affinity, low capacity" 
(called “specific") binding sites should be "competed away" in the 


parallel incubations reducing the number of bound ples 


I]T, molecules 

to a "background" (very low affinity, high capacity binding) (73). 

In this work, a molecular interaction is considerated "high affinity" 

if it has an equilibrium dissociation constant of less than 107° M. 
Table 2 indicates that whole HTC cells and most cellular frac- 


tions did not show “specific binding" by these criteria. In fact, 
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Table 2 


125 


Distribution of [ I]T, in HTC Cell Fractions 


HTC cells were incubated, fractionated and assayed as descri- 
bed in the Materials and Methods. ['@°1]T, was at a final concen- 
tration of 10°° M. Parallel incubations contained, in addition, 

5 X 107° M nonradioactive T3. Incubations were at 37° for 2 h. 

- Each point is an average of duplicate determinations. "Specific" 
binding is the difference between the incubations in the absence 
and presence of nonradioactive T. Binding in the macromolecular | 


cytosol fractions refers to the counts remaining after the char- 


caol assay which removes free p'25, 3° 

HTC CELL CPMZ0.2 ml Sample 

FRACTION (11, alone + Excess "cold" T, 
WHOLE CELLS 28,000 204 ,600 
CYTOSOL (Total) 2,650 2 5600 
(Macromolecular) 100 
NUCLEAR (Crude) 5,473 | 70,146 
NUCLEAR | 13,600 285 ,000 
MITOCHONDRIAL 10,300 | 22,700 
MICROSOMAL 6,400 7,300 
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the nonradioactive T, appeared to promote binding of the labeled 


hormone. The cytosol fraction did not show an enhancement of ples 


I]T, 
binding in the presence of excess T35 but after assay for macromolec- 
ular bound on the counts per min in this experiment were too low 
to assess specific binding. (Later experiments Suggested the presence 


of specific binding under these conditions. Discussed below. ) 


. Binding of ('1)T, in Whole HTC Cells and "Crude" Nuclear Fractions 


with Varying Concentrations of "Cold" T, 


The enhanced binding of radiolabeled T, in the presence of higher 
concentrations of nonlabeled T, could be explained by a co-operativity 
in the T, binding reaction as has been seen in other systems (79) or by 
insolubility of T, at the higher concentrations which allows "trapping" 
of the T,-aggregates in particulate fractions. Experiments were done 
to test whether specific binding might be seen when lower concentrations 
of nonlabeled competitor were used. Table 3 shows that when whole cells. 
and nuclear fractions were examined after incubation with varying 
concentrations of nonradioactive T3 which were lower than used 
previously, the "promotion" effect is reduced, but no consistent 
pattern is seen. There is no evidence for specific binding when whole 
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HTC cells are incubated with [ I]T, under these conditions. 


Since HTC cell cytosol did not show an enhancement of (2 ]T 


binding under conditions of excess "cold" T3> further study was focused 


on this cell fraction. 


| 


Table 3 
Binding of ['*°1]T, in Whole HTC Cells and in "Crude" Nuclear 
Fractions with Varying Concentrations of Nonradioactive T3. 


Procedures were as described in Table 2 and the Materials and 
Methods except that varying concentrations of nonradioactive T; 
were used and only whole cells and "crude" nuclear pellets were 


assayed. 


HTC CELL NONRADIOACTIVE CPM/mg Protein 
+ Excess "Cold" T, 


WHOLE CELL 
9,250 
18,500 
7,300 
12,400 
11,600 


CRUDE NUCLEAR 


19,400 
43 ,000 
20,900 
33,700 
19,800 
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3x 10° 
3x 1077 
1077 
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ples 


Specific Binding of ['“°1]T, in HTC Cell Cytosol 


T, binding in HTC cell cytosol was studied further by both the 
preincubation method used above and by incubation of hormone with 
freshly prepared cytosol at 0°. Specific cytosol binding of about 
3000 cpm/mg protein was seen in the cytosol of preincubated cells. 


Binding Curve: The amount of specific T, binding in cytosol with 


varying concentrations of free 111, (from 1.1 x 


M to 
2.3 X 1077 M) is shown in Fig. 11. The curves (from different ex- 
periments) appear to plateau at a free T, concentration of about 


1x 1077 


3 
M, and specific binding of about 4500 cpm/mg protein. 


Fig. 12 shows a Scatchard analysis from the experiment in Fig. 11. 
The data do not allow a determination as to whether the observed 
binding is by a single or multiple classes of binding sites. 
Nevertheless, the HTC cell Studies indicate the presence of 
saturable T-binding sites in cytosol. Although this Scatchard 
analysis (80) does not provide an affinity constant, a rough estimate 
can be made from the half-saturation values of the two experiments in 
Fig. 11. An equilibrium dissociation constant for the T3 interaction 
is about 10° 


below 10° 


M. Since the concentrations of free T, in humans is 

M only a small proportion of these sites would be occupied. 
This does not exclude an important biological role for these binding 
sites since such a situation does exist for polypeptide hormone 
receptor sites (81). Nevertheless, since it is not known whether HTC 


cells are responsive to thyroid hormones, we were interested to see 
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Figure 1] 


The Effect of Increasing Concentrations of 11, on the 
Specific Binding of ['@°I]T, in Cytosol from HTC Cells. The experi- 
ments were performed as described in the Materials and Methods ex- 
cept that the concentration of ples 


was 1.1 X 107 


I]T, was varied; the lowest 
concentration of free 10 yy. The final con- 
centration of nonradioactive T3 was 1.5 X 107° M. Two different 


experiments with duplicate determinations at each point are shown. 
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Figure 12 
Scatchard Analysis of the Binding Data (in HTC Cell Cytoso1) 


from the Experiments Shown in Fig. 11. The symbols (@,0) are con- 


sistent between the two figures. 
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whether normal liver cell cytosol might have an affinity for T, 
closer to the physiological concentrations of the hormone. There- 
fore, further studies of cytosol binding were done using cytosol 
from rat liver, a well known target tissue. 

BINDING OF TRIIODOTHYRONINE BY RAT LIVER CYTOSOL 

Kinetics of Specific ['°1}T, Binding in Rat Liver Cytosol 


Binding of (171, to rat liver cytosol (at 0°) appears to be 
maximal by at least 30-45 min (Fig. 13). "Background" binding was 
about 50% of the total binding by ['°I]T,. In the experiments to 
follow, the incubations of pie 


0° for 60 min. 


I]T3 with cytosol were conducted at 


ples 


The Influence of Varying I]T, Concentrations on Specific Binding 


Specific binding of (101, as a function of the concentration 
of free ['*° 1]T, from 2.5 x 10°! to 1 X 10° M is shown in Fig. 14. 
The curves, from two different experiments, are smooth and appear to 


approach saturation at about 2 X 1077 


M free T3- For comparison of 
these findings to those published by Defer et. al. (36), the data 


from Fig. 14 is replotted (Fig. 15) using only the lower concentra- 


-10 


tions of free 


(ca. 1.7 X 10 


1]T, which were used by Defer and co-workers 


to 2.2 X 107° 


M). Even with this closer examination 
of the "linear" portion of the binding curve from my data, specific 
binding still appears to be linearly related to the free T, concentra- 
tion over this range. Defer et al. reported (36) that if fresh cytosol 


was used, a sigmoidal binding curve occurred at these concentrations. 
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Figure 13 


ples 


Kinetics of Specific Binding of I]T, in Rat Liver Cytosol 


from Euthyroid Animals. Conditions and assays were as described 


in the Materials and Methods except that 1.5 X 10°8 M [it, 


5 


and 1.5 X 10 ~ M nonradioactive T, were used and time was varied. 


The ranges of duplicate determinations are given. 
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Figure 14 
The Influences of Varying Concentrations of 


Specific Binding of 


Pty, on the 


I]T, to Rat Liver Cytosol. Conditions and 
assays were as described in the Materials and Methods except that 
the concentration of 


of free was 2.5 x 10°!9 M. Nonradioactive T, was 5 X 107° 


I]T, was varied. The lowest concentration 


M, final. Two different experiments, with each point in duplicate, 


are normalized by the use of different ordinates. 
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Figure 15 

The influence of Lower Concentrations of C117, on the 
Specific Binding of C101, in Rat Liver Cytosol. The data is 
from the experiments shown in Fig. 14. The symbols (@,0) 
consistent between the two figures. 3 
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of free hormone. Fresh cytosol preparations were used in the 
experiments shown in Figs. 14-16 as well as numerous other binding 
curves; I never saw any evidence of a sigmoidal curve for specific 
binding in rat liver cytosol. Scatchard analysis of the binding data 
(Fig. 16),again does not allow a determination of the number of T, 
binding components, and the pattern is quite similar to that described 
earlier for cytosol binding of T, in HTC cells. Because of the 
variability and the small number of values in the intermediate range 
of specific binding, the plot cannot distinguish between an inter- 
pretation of one or two slopes (number of equilibrium dissociation con- 
stants). If only those Scatchard values at the lower c'°171, concen- 


trations are considered (less than 2.2 X 107° 


M bound) only points to 
the left of the arrow (Fig. 16) would be considered. These points 
could be interpreted as linear (one “simple” component), a two compon- 


ent system, or negative cooperativity; there is too much scatter for 


much information, but the data does not at all suggest a system of 


"positive allostery" as proposed by Defer and co-workers. These 


workers did not publish a Scatchard or other linear analysis (36). 


Inhibition of 


I]T, Binding by Various Hormone Analogs 

In order to obtain some indication of the possible relevance of 
cytosol binding to thyroid hormone action, several analogs with known 
thyromimetic activity were tested for their ability to compete with T, 
for binding to cytosol. Fig. 17 gives the percent of control specific 
binding as a function of the 10919 of the concentration of competitor 
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Figure 16 


Scatchard Analysis of the Binding Data (In Rat Liver Cytosol) 
from the Experiments Shown in Fig. 14 and 15. The Symbols (@,0) 


are consistent between the three figures. 
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Figure 17 
Inhibition of ‘get Binding to Rat Liver Cytosol by Various 


Analogs of the Hormone. L-T, (o—o), (a—0), 3,5,3'-trimethyl- 
thyronine (@—6) and 3,5,Dimethyl-3' isopropylthyronine (#—) are 
compared to nonradioactive T., (e--e) for their ability to reduce 
c'*"1]1, binding. The specific binding in the control was 21,500 

| cpm/0.2 ml sample. The percent of control is plotted as a function 
of the negative of the log of the final molarity of competitor. 

The range and average (of duplicate determinations) are from a 


single experiment. 
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molecule. L-T,; L-Tys and D-T, appear to be very similar in their 


abilities to inhibit ['*°1]T, binding. The data indicates that T 


4 
could possibly be a better competitor than T.. 3,5,3'-Trimethyl- 
thyronine is a somewhat weaker competitor, while 3,5 Dimethy1-3'- 
isopropylthyronine is a relatively poor competitor. The ability of 
these analogs to compete with Ts. for binding to sites in cytosol did 
not correlate with their known potency. Thus, Ty which competed at 


least as well as T3> has only 10% of the biological activity of T,- 


Dimethylisopropylthyronine was a poorer competitor, but has about 


four times more biologic activity than trimethylthyronine (82). 
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BINDING OF THYROID HORMONE BY NUCLEAR RECEPTORS 
The binding studies in cytoplasmic fractions did demonstrate 
specific binding of 
However, this data, and that of others (see Introduction), show no 
indication that this binding should be implicated in thyroid hormone 


and other thyroid hormone-active analogs. 


responses. I was also able to detect specific binding sites in 
nuclei; these abso sites have characteristics which suggest 
their involvement in the mechanism of thyroid hormone action. A 
detailed analysis of the nature of the binding reaction and of the 
assay were done,some of which is presented here. 

‘Characterization of nuclear binding was important in order to 
establish conditions for asking whether the presence of the hormone 
has an influence on the nuclear localization of the receptor. 
Initial studies on the hormonal effect on the number of nuclear 
binding sites for T, are described. 

DEMONSTRATION OF SPECIFIC BINDING 


125 
The Effect of the Number of Washes on the Nuclear Binding of | I]t, 


Fig. 18 shows the influence of washing of the incubation pellets | 
on the binding of Cn, to the nuclei. Specific binding and total 
nuclear-bound radioactivity in either competitor-free or competitor- 
containing incubations is shown. There is some loss of specifically 
bound radioactivity with continued washing (as much as 30%); however, 
the amount of nonspecifically bound radioactivity decreases much more. 
Thus, for the best estimate of total receptor content an extrapolated 


value (to zero washes) should be used; however, results obtained after 
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Figure 18 

Effect of Washing on Nuclear Binding. Nuclei from livers of 
euthyroid rats were prepared and incubated as described under Materials 
and Methods except that the final ‘tom concentration was 1 X 107% M 
and final nonradioactive T, concentration was 1 xX 1077 M. Binding is 
shown in the absence of competitor (('@51]1, alone) (o—o); in the 
presence of competitor (('@51}T, + "cold" T3) (@--@) and as the differ- 
ence between the two curves (specifically bound 13) (4—4). Values 


are averages of duplicate determinations. 
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two washes were reproducible and yielded a low "background" of non- 
specific binding so that for all further studies the amount of bind- 
ing after two washes was used. 


Kinetic Analysis of Binding 


Fig. 19 shows that nuclear binding at 20° reaches maximum by 2 
hr and that binding at 0° obtains the same maximum by about 4 hr. In 
this experiment the 6 hr point is lower suggesting instability at 20°, 
but subsequent experiments showed that binding at 20° is still maxi- 
mal at 5 hr. Binding at 37° does not reach the same maximum and does 
appear to be unstable under these conditions. Incubations were rou- 
tinely performed at 20° for 2 hr. | 

The data in Fig. 20, Part A, indicate that the cell-free binding 
by isolated nuclei is reversible. In this experiment, a portion of 


nuclei which was bound and equilibrated with ie, received a 


"chase" of excess non-radioactive T, to prevent subsequent (rE, 


binding. Dissociation is indicated by the progressive decline in 
specifically bound radioactivity after the "chase" as compared with 
control incubations which remained equilibrated with aoe This 
experiment indicates a time of one-half dissociation of about 1 hr and 
the dissociation of almost all of the complexes by 5 hr. Part B of 
Fig. 20 is a plot of the log of the specifically bound T, (M) as a 
function of time. Since the data conforms to a linear plot, the dis- 
sociation reaction is first order. An apparent dissociation rate 
constant (k_,) can be determined directly as the negative of the slope. 
The apparent dissociation rate constant calculated from this data is 


4.7 X 10° 
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Figure 19 


Kinetics of 


I]T, Association with Rat Liver Nuclei from 


Euthyroid Rats. Conditions, assays and specific binding of ['“°1]T, 


were determined as described in the Materials and Methods except 
that the final concentration of ['@°1]T, was 2 X 107! m and of non- 
radioactive T, was 4 X 10° M and the time of incubation was varied. 


All incubation points were carried out in duplicate and averages 


given. 
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Figure 20 

Kinetics of Dissociation of Specifically Bound T3. Nuclei 
from euthyroid rats were incubated as described in the Materials | 
and Methods except containing a final concentration of c' 111, of 
4X 10°? Mwith or without 4 X 10°’ M nonradioactive T,. After 
120 min, half of the tubes without prior exposure to nonradio- 
active T, each received a "chase" of nonradioactive T, in buffer C 


to make the final concentration 4 X 107° 


M. The incubation at 20° 
was continued and assayed after various time periods. Data points 
are the average of two determinations. 

A.) At the time points past the "chase" (as indicated) 
specific binding in "control" and "chase" (e—#) incubation 
tubes were measured. | 

B.) The data in A, was plotted as the log of the specifically 
bound ‘tag which was present after the "cold T, chase" as a 


function of time after the onset of the "chase". (Q—A) 
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Determination of an Equilibrium Constant for the Binding Reaction 


When specific nuclear binding is examined as a function of free 
('*°1yT, (2 x 10°"! to 3.7 x 10°9 M (Fig. 21) the binding appears to 


approach saturation at around 1.5 X 107? 


M. The figure also shows 
(in agreement with others (20,21,83)) that a linear Scatchard plot 
is obtained from the binding data. Thus the binding may conform to 
the reaction T, plus receptorel ,-receptor complex. An equilibrium 
dissociation constant (Kd) calculated as the negative reciprocal of 
the slope is 2.8 X 197 '° M, a value in agreement with that obtained 
by Samuels et al. (21) in isolated nuclei. This value was also ob- 
tained in subsequent experiments performed in collaboration with 
Spindler who studied the reaction under more optimized conditions. 
Spindler also performed rate-analysis studies; the equilibrium con- 
stant derived from the association and dissociation rate constants 
was also 2 X 10°! 

THE INFLUENCE OF THYROID HORMONE ON THE NUCLEAR CONTENT OF BINDING 
SITES | 


Regulatory signals in both prokaryotic (68) and eukaryotic (59, 


84) systems, which directly influence gene activity through their 
binding to regulator proteins, usually act by influencing the protein's 
addition to or removal from chromatin (or DNA). Since the thyroid hor- 
mone receptor is a chromatin protein, we investigated whether the hor- 
mone itself exerts any influence on the nuclear content of these 
chromatin receptors. The simplest experimental approach to this 


question was to compare the receptor content in nuclei from animals 
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Figure 21 

a.) ('*°1}T, Concentration Dependency for Specific Binding in 
Nuclei from Euthyroid Rats. The experiments were performed as des- 
cribed in the Materials and Methods except that the concentration 
of ['*°1]T, was varied; nonradioactive T, was 5X 10° M. The 
lowest concentration of free ren, was 2.x 107!! M. The values 


given are the average of two determinations. 


B.) A Scatchard analysis of the same data is also shown. 
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which had normal levels of thyroid hormone (euthyroid) with that 
in animals devoid of thyroid hormone (hypothyroid) due to thyroid- 
ectomy. 

A binding curve using nuclei from thyroidectomized rats is 
shown in Fig. 22. The concentration at saturation appears to be 
very similar to that obtained in nuclei from euthyroid animals 
(compare to Fig. 21; the binding curve using extract from livers 
of euthyroid animals for this experiment is not shown). A 
Scatchard analysis of the data in Fig. 22 and that from the paral- 
lel experiment using nuclei from euthyroid rat is shown (Fig. 23). 
Approximate equilibrium dissociation constants calculated from 
this data are 5.9 x 107!0 M for nuclear binding in euthyroid ani- 


mals. However, from this experiment, it is not clear as to whether 


the capacity of the euthyroid nuclei is in fact somewhat lower than 


that of the nuclei for hypothyroid animals. In any event, these 
data suggest that normal levels of thyroid hormone do not increase 
the nuclear content of receptors. It was clear from these experi- 


ments that there was no Pred influence of the hormone on the nuc- 


lear content of receptors. However, to determine for certain 
whether there was any influence, it was also clear that a more exten- 
sive examination of the binding including studies which would demon- 
strate that any endogenously-bound hormone would dissociate during 
the binding reaction (thereby allowing the binding of the radioactive 


hormone). Studies of this nature were carried out in collaboration 


with Benjamin Spindler (49). We found that the nuclear content of 
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Figure 22 


except that the concentrations of 


tes? Concentration Dependency for Specific Binding in Nuclei 
from Hypothyroid Rats. The preparation of nuclei, incubation and 
asSays were performed as described in the Materials and Methods 
in the nuclear incubation 


varied. Averages of two determinations are given. 
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Figure 23 


Scatchard Analysis of the Binding of (rT, to Nuclei from 
Hypothyroid and Euthyroid Rats. The preparation of nuclei, incu- 
bation and assays were as described in the Materials and Methods 
and Fig. 21 except that the nuclei from hypothyroid rats were 
obtained from rats which had been thyroidectomized 6 weeks prior. 
A Scatchard analysis of the data in Fig. 22 (o—o) and of a 
similar curve done in parallel using euthyroid rats (e—) are 


given. 
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receptor sites was identical in nuclei from hypothyroid and euthy- 
roid animals. Further we were able to demonstrate that dissociation 
of endogenously-bound hormone did occur under the reaction conditions 
and that the radioactive hormone could occupy sites previously occu- 
pied by the nonradioactive hormone in the nucleus. Therefore, these 
studies convincingly supported the idea that thyroid hormones, at 
least at physiological levels, do not regulate the nuclear locali- 


zation of their receptors. 
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CHAPTER FOUR 
INTERACTIONS OF THYROID HORMONE RECEPTORS WITH DNA 


Is the T,-Receptor a DNA Binding Protein? 


Studies in several laboratories, including ours, suggested that the 
intranuclear receptors are associated with chromatin (see Introduction). 
Experiments done by Janet Ring (49) indicated that all of the nuclear 
receptors were associated with the chromatin and that isolated 
Chromatin has binding activity equal to that of isolated nuclei. 

The latter result also suggested that other nucleoplasmic or mem- 
brane factors are not essential for binding. Chromatin contains 
mostly proteins and DNA. Since the previously mentioned chromatin 
fractionation studies suggested a receptor preference for the more 
DNA-enriched chromatin fractions, and since many regulatory proteins 
in prokaryotes are known to be DNA-binding proteins, it seemed 
reasonable to ask if the thyroid hormone receptors bind to DNA. 

For these’ studies procedures were developed for solubilization of 

the thyroid hormone receptors (see Methods) and for examination of 
receptor interactions with DNA. The first assay used was a 

Sepharose gel filtration method similar to that used extensively 

in the examination of binding of steroid receptors by DNA (77). 

DNA Binding of Receptor-[ triiodothyronine Complexes as Demonstra- 


ted by Sepharose Gel Assay 


The Sepharose gel separates DNA and associated molecules from free 


T4-receptor complexes and I]T,-receptor complexes in the 


presence of DNA elute in the void volume with DNA (Fig. 24), whereas 
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Figure 24 


Binding of Thyroid Hormone Receptors by DNA as Measured by 
Filtration on Sepharose 2B. T,-receptor complexes were solubil-. 
ized from nuclei by method 1, incubated with DNA and filtered 
over Sepharose as described in the Materials and Methods. 
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I]T,-receptor complexes (3.7 X 10 '~ M) were eluted alone 


(o—o) or after incubation with DNA (@—@). 
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in the absence of DNA they do not. By contrast, after incubation 
of free ('°1)1, with DNA, no radioactivity elutes with DNA 
(Fig 25A). These data suggest that T,-receptor complexes, either 
alone or combined with other factors in the nuclear extract, bind 
to DNA. Although it seems unlikely, the possibility cannot be 
excluded that the receptors or other factors in the extract are 
promoting a DNA-free ['°1]T, association. 

A further indication that it is the DNA which determines 
whether the T,-receptor complex will be excluded from the gel is 
obtained from experiments in which DNA was incubated with DNase I 


prior to incubation with I]T, and gel filtration (Fig. 26). 


This resulted in at least a 75% reduction in the amount of tet! Ss 
eluted in the void volume. This was associated with a corresponding 
shift of both the radioactivity and the optical density .to the 
included volume. In contrast, when similar incubations were per- 
formed containing RNase, the peak of C107, eluted in the void 
volume as did significant optical density (Fig. 26). In occasional 
experiments (not shown) a small_proportion of the T,-receptor 
complexes which were not incubated with DNA eluted in the void 
volume and appeared as “DNA binding." This may have been caused 

by T,-receptor-nucleoprotein complexes or by T,-receptor aggregates 


present in some of the extracts. However, even when these extracts 


were incubated with DNA, there was a marked (more than five fold) 


DNA-promoted increase in radioactivity eluting in the void volume. 


Figure 25 


Free tet and Plasma Complexes, Elution Patterns 
on Sepharose 2B. Methods were as described in Fig. 24. 


A.) Elution profile (0.D., 260 nm) of DNA on the column (x). 
M) after incubation with DNA (4—A). 
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Elution of I]T, (3.7 X 10 
B.) The elution of ('*°1]T,-plasma complexes after incubation 
| with DNA (=). Preparation and incubation of T,-plasma complexes 


is described in the Materials and Methods. 
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Figure 26 

Inhibition of T,~ Receptor Complexes Binding to DNA by DNase. 
Solubilization of ['*°1]T,-receptor complexes by method 1, incuba- 
tions with DNA and Sepharose assays were as described in the Materials 
and Methods except that 1.3 X 197 !0 M C111, was used in the incuba- 
tions and the DNA was preincubated with 0.5 mg/ml of DNase or RNase 
in buffer C for 30 min at 20. The "control" sani on gel filtration 
which did not contain nuclease was collected in fractions of 3.0 ml, | 
3.0 ml and 1.5 ml. The gel filtration samples from incubations 
which contained DNase or RNase were collected in 1.0 ml fractions. 

The elution patterns are shown on Sepharose 2B for (125 7473- 
receptor complexes which had been incubated with DNA which was 
sheared only (@-@), preincubated with DNase (@—®) or preincubated 
with RNase (oo). The 0.D.5¢, of the DNase or RNase treated sam- 


ples are also shown (c--...-), 
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Since these experiments were performed at low salt concentrations, 
we tested whether DNA binding could also be observed at an ionic 
Strength which more nearly approximates the physiological. Conditions 
used were similar to those which pertain to Fig. 24, except that 
0.15 M KCl was included in the reaction mixture and columns. In two 
experiments, 0.26 + 0.01 pmoles of ['@°1]T, per mg DNA eluted with 
the DNA as compared with 0.4 pmoles per mg DNA observed in the ex- 
periment shown in Fig. 24. An additional experiment indicated: an 
optimum at about 0.1 M; binding at 0.15 M to be very similar to that 
minimal ionic strength (.030 M); and, binding at 0.3 M to be reduced 
by 30%. This data is shown in Fig. 27 and compared to results obtain- 
ed later using the more refined DNA-cellulose technique. 

At higher complex concentrations (ca. 107? M), we found up to 


1.2 pmoles of T.-receptor complex bound per mg DNA. Thus, the capacity 


3 


Of DNA for binding receptors equals or exceeds the quantity of 


receptors in the nucleus. However, even at these complex concentra- 
tions, it has not been possible to determine the DNA capacity for 
binding receptors and if receptor-specific sequences are on DNA. In 
fact, the receptors may bind extensively to DNA, since we also detected 
roughly similar binding by rat, calf and bacteriophage lambda DNA 
(Fig. 28). 

We also investigated whether T,-binding proteins other than the 
receptors bind to DNA. As shown in Fig. 25B, plasma-T, complexes, 
which have been incubated with DNA, do not associate with the DNA. 


The lack of elution of T,-plasma complexes with DNA indicates that 


DNA-binding is not a general feature of proteins that interact with T3. 
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Figure 27 


Effect of Salt Concentration on the Binding of c'°1)T,- 
Receptor Complexes to DNA. | 

A.) Preparation of T-receptor complexes (method 1), incuba- 
tion with DNA and Sepharose assay were as described in the Materials 
and Methods except that 5.5 X 107'? ['*°1]1,-receptor complexes 
were used and the concentration of KCl was varied. 


B.) For comparison to A. The effect of varying the concen- 


tration of NaCl on the binding of T,-receptor complexes to DNA 


cellulose (taken from Fig. 34). The units of the ordinate for B 


3 


are 10 ~ cpm/ incubation. 
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Figure 28 


Binding of ('1]1,- Receptor Complexes to Calf and Lambda DNAs. 


T,-receptor complexes were prepared by method 1 as described in the 


Materials and Methods and assay procedures were also as described 


ples 


above except that 1]T,-receptor complexes were used and parallel 


incubations were carried out containing an equal quantity of lambda 


DNA. The elution pattern from Sepharose 2B incubations containing 
calf DNA (d or lambda DNA (@—@ are shown. 
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DNA Binding of I]T,-Receptor Complexes as Demonstrated by the 


DNA-Cellulose Assay 


Although the Sepharose gel filtration assay can quantify T3- 
receptor interactions with DNA, it was believed to be important to 
demonstrate the binding by another procedure. Early studies, using 
the Sepharose technique, designed to determine whether the estrogen 
receptor binds to DNA resulted in a false interpretation due to an 
aggregation of the receptor and subsequent exclusion of the receptor 
from the gel due to size rather than DNA-association. The aga- 
rose technique is also not as good for examining the receptor inter- 
actions with small polynucleotides which would not be excluded by 
the gel.. Therefore, we elected to develop a DNA-cellulose binding 
assay (see Methods ) which has the additional advantages that it is 
Simpler, permits many determinations to be done simultaneously, and 
allows an estimation of the relative avidities of various other poly- 
nucleotides by a competition approach. 


After incubation of solubilized ples 


I]T,-receptor complexes with 
DNA-cellulose or cellulose, much more radioactivity was found associ- 
ated with the DNA-cellulose than with cellulose alone (Fig. 29). The 
figure shows that after washing the pellet, a significant amount of 
radioactivity remained associated with DNA-cellulose, but radioactivity 
associated with cellulose became very low. The difference between 


radioactivity associated with DNA-cellulose and cellulose alone is 


attributed to DNA binding. The data also suggest that the association 
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Figure 29 
DNA-Cellulose Binding of ['*°1]T,-Receptor Complexes. Solu- 


bilized ('*°1]T,-receptor complexes (1.6 X 107 !9 


M) were incubated 
with DNA-cellulose (@—®) or cellulose (CG) as described in the 
Materials and Methods except that the number of washes was varied, 
and 3 ug of DNA were used. The value for ('*°1]T,-receptor complex 
"DNA binding" (@—) was calculated as the difference between pl2574 
associated with DNA-cellulose, minus that associated with cellulose. 
As a control, free ['°1]T, in buffer (1.6 X 10°! m) was incubated 
with DNA-cellulose (o—o) or cellulose alone (@——A). Shown are 
means of duplicate determinations which varied by less than 2% 


(except the zero point, which varied 7%). 
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of ‘eae UP with DNA is dependent on the prior binding of T 


3 
receptors. First, almost all of the hormone was associated with the 


receptor during DNA binding, since free hormone was removed by gel 
filtration before incubation, and significant dissociation was pre- 

in buffer or equilibrated with bovine serum albumin or a nuclear 


extract in which binding activity had been destroyed by heating (60° | 


vented by keeping the remaining complexes at 0°. Second, 


for 30 min) or removed by ion-exchange, showed negligible binding to 
DNA (Table 4). The interaction of the receptor complexes with DNA 
was further characterized using the DNA-cellulose assay. The “back- 
sround* due to presumed nonspecific association of radioactivity with 
cellulose was reduced by washing the pellets following incubation. 

As shown in Fig. 29, DNA binding decreases little with repeated wash- 
ings; determinations after two washes were used to calculate DNA 
binding and this resulted in about a 20% underestimate. 

DNA binding reaches a maximal level in an hour (Fig. 30) and 
remains at a plateau for at least several hours. The latter suggests 
that under the conditions employed, the preparation is reasonably 
stable. Table 5 shows the distribution of total bow following 
the incubation and washing procedures. The data is taken from the 
kinetic experiment above (Fig. 30). DNA binding increases from 6% 


at zero time to 20% at the maximum, while the free I]T, receptor 


complexes correspondingly reduce from 88% to 56%. Most of the remain- 


ing I]T, complexes can be accounted for by "loss" during the 
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Table 4 


['2°1]T, to DNA — the Effect of BSA and a 


Binding of Free 


Denatured Receptor Preparation. 


Incubations were as described in the Materials and Methods except 


- that when free on was added (6.0 X 107! M) no receptor com- 


plexes were added and BSA or denatured receptor preparation (heated 
at 60° for 30 min) were added at a concentration equal to the total 
protein concentration in the receptor-hormone preparation. In the | 


control (0.062 nM) receptor complexes were used. 


[1m PROTEIN ADDED DNA BINDING 
(cpm/incubation) 
T,-Receptor Complex NONE 3,709 + 168 
Free T. NONE -18 +5 
Free T, BSA 14 + 3 
Free T, DENATURED RECEPTOR 35 + 12 
PREPARATION | 
Free T, "RECEPTOR-FREE" — 139 + 10 
EXTRACT 
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Figure 30 


Kinetics of ['*°1]1,-Receptor Complex Association with Puri- 
fied DNA. Binding to DNA was assayed as described in the Materials 
and Methods except that the time period that the incubation was 
rotated was varied, and the DNA concentration on the cellulose was 


3 ug. The concentration of ples 10 


I]T,-receptor complexes was 1 
M. Preparation of the incubations for rotation included a 2 sec 
Vortex agitation and required about 30 min. During this time some 
DNA binding occurred (as shown by the zero point when suspension 
began). The DNA binding at the plateau was 6.3 X 107 '2 moles of 
['*°1]T,-receptor complex/mg DNA. Values shown are the mean and the 


range of duplicate determinations. 
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Table 5 
Recovery of Receptor ‘tee | Complexes 


DNA binding was determined as described in the Materials and 
Methods except that the time of incubation (in rotation) was va- 
ried. After incubation, a final concentration of 10° '0 M recep- 
tor complexes was used. 0.2 ml of the supernatant medium was 


assayed by G-25 Sephadex to determine the concentration of free 


complexes. 
PERCENT OF RECEPTOR COMPLEX CONCENTRATION AT t=0 
TIME FREE DNA CELLULOSE | 
~ (min) |COMPLEXES | BINDING | BINDING RECOVERY** 
88 95 (101) 
10 73 16 2 91 (107) 
30 3 98 (116) 
60 59 20 3 82 (102) 
120 54 20 3 — (97) 

* 

120 (86) (8) (2) (96) (104) 


*Incubated without rotation on the “wheel”. 


**The "wash" experiment in Fig. 18, indicates that some of the receptors 

were washed away from the cellulose component (nonspecific binding). If 

these "lost" receptors are unaccounted for, then the recovery of receptor 
complexes would be underestimated. It is difficult to determine an exact 
value, but the figure shows that the number of receptor washed away from 

cellulose is roughly equal to the number of receptors which bound to DNA. 
Recovery values using this correction factor are given in parentheses. 
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washing of the pellet. Most of the "lost" ('2°1]1,-receptor complexes 
were bound to cellulose, some were bound to DNA (Fig. 29). Figure 29 
Suggests that the loss may be about equal to the "DNA binding". 


Recoveries calculated using this factor indicate that essentially all 


I]T,-receptors are accounted for (Table 5). The reaction of 
I]T,-receptor complexes with DNA is sensitive to pH (Fig. 31) with 
an optimum around 8.0. The pH curve for DNA-binding generally follows 
that for the triiodothyronine interaction with its receptor (53). 
Experiments were generally performed at pH 8.2, which is near the 


optimum. 


- The Effect of DNA Concentration on Binding 


The influence of increasing DNA on the binding of ('*°1]1,-re- 
ceptor complexes is shown in Fig. 32. Under these conditions, DNA 


binding is linearly related to the added DNA (on c@Plulose) below 


2 ug and tends to plateau above that level. Deviation from linearity 
at the higher concentrations is probably due to reduction of the free 
receptor concentration resulting from extensive DNA binding. Ordin- 
arily 1.5 wg of DNA were used in each assay. An estimate of the 
proportion of the receptors which can bind to DNA can be made from 
this data. In this experiment, at 15 ug of DNA about 50% of the 

total (bound plus free) complexes were found in association with DNA- 
cellulose. When plotted in a double reciprocal fashion (Fig. 32B), 
the extrapolation of the plot to the ordinate (i.e., infinite DNA con- 


centration), is to 62% of the total complexes. In three experiments, | 
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Figure 31 


Effect of pH on DNA binding. Assays were as described in the 
Materials and Methods except that the final pH was varied, and 
sodium phosphate buffer was used for the pH 7.4 incubation. The 
concentvet ten of the [1251 -hormone complexes was 7.0 X 107 M. 
The pH determinations were made on the supernatant media after 
incubation. Binding to cellulose (without DNA) did not vary with 
pH (data not shown). Values shown are the mean and range of 


duplicate determinations. 
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Figure 32 


A.) Effect of Increasing DNA-Cellulose Concentration on DNA 
Binding. Assays were as described in the Materials and Methods 
except that increasing concentrations of DNA on cellulose were used. 
The concentration of free ['*°1}T,-receptor complexes present at 
the end of the reaction varied from 7.6 X 107'! M (at 0.75 wg DNA on 
cellulose) to 3.8 x 107!! M (at 15 wg DNA on cellulose). The mean 
and S.D. of triplicate determinations are shown. 


B.) A double reciprocal plot of the data shown in A. The 
value of the intercept on the ordinate (the theoretical) amount of 
DNA binding at infinite DNA concentration) is 16 X 10 cpm/incuba- 
tion (62% of the total receptors in the incubation). | 
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a mean extrapolate value of 77% was found (range 62% to 97%), suggest- 
ing that most, if not all, of the receptor complexes are capable of 
binding to DNA. 

The Effect of Increasing Concentrations of ['*°1]T,-Receptor Complexes 
on DNA Binding 


Binding studies performed with final stacentvet tens of receptors 
from 2.0 X 10°'! m to 5.0 X 10°'9 M are shown in Fig. 33. The amount 
of DNA binding increases in an approximately linear manner up to 
10° !0 M of free receptor-hormone complexes. At the higher concentra- 
tions, the DNA binding data yielded a saturation function. When this 
data is analyzed by the Scatchard method (Fig. 33B) a system containing 
two affinity constants is suggested. Such an analysis is premature 
since unknown competitors and inhibitors of binding are probably 


present in the extract. 


The experiment shown in Fig. 33 was performed by adding increasing 


quantities of the crude receptor preparation, which also contained 


other proteins. These proteins can make a linear function appear 


hyperbolic through their inhibition of receptor binding to DNA (86,87). 


The data in Table 6 suggest that inhibitor substances are in fact 
present in the extract. The DNA binding of solubilized complexes was 
decreased when they were co-incubated with extracts in which T3 binding 
activity had been destroyed by heating or removed by ion exchange — 


chromatography. By contrast, a parallel incubation with bovine serum . 


albumin showed minimal inhibition. Thus, the data in Fig. 33 cannot 
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Figure 33 


Effect on DNA Binding of Increasing the Concentration of 
Receptor-Hormone Complexes. Assay conditions were as described in 
the Materials and Methods except that incubations contained 3 ug 
of DNA on cellulose and increasing amounts of labeled T,-receptor 
complexes. The concentration of free ['*°1]T,-receptor complexes 
was estimated at the end of the reaction by assaying the radio- 
activity in the excluded volume after passing 0.2 ml of the super- 
natant medium (diluted 1:2 with buffer D, pH 8.4) over a G-25 
Sephadex column (0.5 cm by 9 cm) which had been equilibrated in 
the same buffer. The mean and S.D. of triplicate determinations 
are shown. | 

A.) DNA Binding as a function of free ['*°1]T,-receptor con- 


centration. 


B.) A Scatchard analysis of the data shown in A. 
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Table 6 
Influence of Protein Fractions on DNA-Binding 
DNA binding of solubilized receptors was performed as described 
in the Materials and Methods except that some incubations contained 
additional protein fractions as indicated. The "control" (100%) bind- 


ing was 5.2 X 1 moles of bound I]T,-receptor complexes per 


| mg DNA. Each incubation contained 0.2 mg/ml protein from the solu- 


bilized extract (5 X 10°! M of receptor-hormone complexes). Results 


are the mean (+ S.D.) of triplicate incubations. 
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Additional Protein DNA-Binding 
(mg/ml in the reaction) (% of control) 
None 100 
Bovine Serum Albumin 
102 + 3 
5.5 | 92 + 5 
Heated Extract* | 
0.6 88 +4 
1.3 si +7 
"Receptor-free" 

Extract** 
0.19 43 + 3 
0.38 12 +1 


*T3 binding activity in the nuclear extract had been destroyed by 
heating the preparation at 60° for 30 min. 


**A receptor extract was made to 1.7 mg protein in 50 m™ Tris, 0.1 M 
NaCl, pH 9.2, and 28 ml were applied to a QAE-Sephadex column, (Pharmacia, 
30 ml bed volume). Under these conditions, the T-binding activity was 
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Table 6 continued 


retained by the column (53). The protein fraction which was not 
retained was found to be devoid of T3-binding activity. This 
preparation was used as the receptor-free extract after adjusting 


it to the incubation conditions described in the Materials and o 
Methods. 


| 

| 


121 


be interpreted as indicating a limited number of receptor binding 
Sites on DNA. These experiments do, however, provide a minimal 
estimate of the amount of DNA binding which can occur. At the 
highest concentration used, 13 z 1 pmoles of T, were bound per mg 
of DNA. 


Effects of Salt and Divalent Cations 
125 


The reaction of [ I]T,-receptor complexes with DNA was found 
to have an optimum at about 0.1 M NaCl (Fig. 34). Above this value, 
binding is progressively inhibited by increasing the salt concentra- 
tion. Similar results were obtained using KC] (data not shown). At 
0.175 M NaCl, the binding of receptor-['“1]T, complexes to DNA is 
still one-half maximal. The receptor complex association with DNA is 
also sensitive to the concentrations of Mg’ and Ca (Fig. 35). One- 
half maximal inhibition of binding is observed at about 5 mM for Mg’ 
and about 12 mM for Ca’. Thus, the complex association with DNA can 


be observed at physiological salt and cation concentrations. 


Competitors for DNA Binding of '2°1]T,-Receptor Complexes 

The data in Fig. 36 indicates that the DNA-cellulose binding is 
progessively inhibited by increasing concentrations of soluble DNA. 
This suggests that the association of complexes with the DNA-cellulose 
is not due to aggregation of the receptors by the DNA preparation. 
Instead, it is likely that the competitor DNA inhibits the pelleting 
of receptors with DNA-cellulose due to their binding of the complexes. 


The competition procedure was used to measure the relative avidity of 
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Figure 34 
Effect of NaCl on ['*°1]1,-Receptor Complex Binding to DNA. 


Incubations containing 107 


M of labeled hormone-receptor com- 
plexes, varied from the Materials and Methods only in the concen- 
trations of NaCl. Final ionic strength was determined by compari- 
son to an NaCl standard curve. Conductance readings were performed 
on a sample of each supernatant medium. DNA binding points are the 
means of duplicate determinations which were within 5% of the mean 
for those points below 0.3 M NaCl and within 9% above that concen- 


tration. 
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Figure 35 
Effect of Mg++ and Catt on the Binding of ['*°1]T,-Receptor 


Complexes to DNA. The complexes, 6 X 107! M, were incubated as 
described in the Materials and Methods except for the presence of 
increasing amounts of Mg++ (e—@) or Ca++ (0—0), and all buffers 
were without EDTA. At zero concentration of divalent cation 

8.6 X 10° !2 moles of T,-receptor complexes /mg DNA (S.D. + 0.23) 
were bound. All points except that at zero (which was the mean 


of four values) were single determinations. 
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Figure 36 
Competition for DNA Binding of Hormone-Receptor Complexes by 
Unsheared and Sheared DNA and by Native and Denatured DNA. 
Procedures were as described in the Materials and Methods with 
the exceptions noted below. The mean and S.D. of triplicate deter- 


minations are shown. 


A.) The concentration of ('451}T3-receptor complexes was 


1.0 x 107!9 m. The competitor calf DNA was either used as solubil- 
ized (@--@) or after shearing by 10 passes in a No. 27 guage needle 
(O——0) and varying concentrations were added. 

B.) Labeled receptor-hormone complexes were incubated at a 
final concentration of 1.7 x 107!0 M. Each incubation contained 
3 ug DNA bound to cellulose. Either native (e—) or denatured 


(O—0) calf DNA was added at increasing concentrations as competitor 
DNA. 
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other DNAs for binding to the receptor. The data in Fig. 36 show the 
competition by denatured DNA. As indicated, little difference was 
observed. The competitor activity was not influenced when more highly 
sheared DNA was used (Fig. 36A), implying that nicks or single strand- 
ed regions of DNA do not appreciably influence the binding. Competi- | 
tion by rat and a bacterial DNA (B. subtilis, which contains a G-C 
content like that of rat DNA) is also similar (Fig. 37). Thus, the 
predominant binding is not species-specific and can also be seen with 
prokaryotic DNA. | 

Competition by synthetic polynucleotides is shown in Fig. 38. 
The inhibition by poly(dA-dT)-poly(dA-dT) and by poly(dG-dC)-poly(dG*dC), 
although detectable, is much weaker than by mammalian DNA. Inhibition 
by poly(dA) was not detected. 

When the negatively charged deoxynucleotide monomers, ATP and 
GTP, were tested (Fig. 39), no inhibitory activity was found. On the 
other hand, the macromolecular anion, dextran sulfate, was able to in- 
hibit binding as well as calf DNA of a similar concentration (mg/m1). 
Heparin also competed (data not shown). Thus, some charged species 
can compete with DNA for receptor binding. The possibility that the 
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dextran sulfate could be binding the [ I]T, or inhibiting the 


binding of the tem, to the receptor was examined and the results 


shown in Table 7. The predialyzed nuclear extract (F II) shows 


Similar binding with and without dextran sulfate present. I]T, 


does not bind to dextran sulfate. Dialyzed nuclear extract which had 
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Figure 37 


Binding of Receptor-Hormone Complexes by Other DNAs. Labeled 
receptor-hormone complexes (1 X 10710 M) were incubated as described 
in the Materials and Methods except increasing concentrations of 
soluble rat (o—0), B. subtilis (QAO) or calf (@--e) DNA were added 
and tested for their ability to compete for DNA binding. The mean 


and S.D. of triplicate determinations are shown. 
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Figure 38 


Competition for DNA Binding to Hormone-Receptor Complexes by 
Synthetic DNAs. The concentration of ['291]T,-receptor complexes 


was 107!0 M. DNA binding was assayed as in the Materials and Methods | 


except that increasing concentrations of soluble poly(dA) (oo), 
poly(dG-dC)-poly(dG-dC) (@—@), poly(dA-dT)-poly(dA-dT) 
and calf DNA (@—@) were added. The values shown are the mean and 


S.D. of triplicate determinations. 
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Figure 39 


Competition for DNA Binding of Hormone-Receptor Complexes by 
Anions. Labeled hormone-receptor complexes (107!9 mM) were incu- 
bated as described in the Materials and Methods except that increas- 
ing concentrations of nucleotide monomers ATP (A—a&) or GTP (A=), 
the polysaccharide dextran sulfate (o—0o) or calf DNA (eo—e) were 
added. The values shown are the mean and S.D. of triplicate deter- 


minations. 
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Table 7 


The Influence of Dextran Sulfate on the Binding of (171, 


Incubations of nuclear extracts with es dialysis and assay 


procedures were as described in the Materials and Methods except that 


parallel incubations were conducted which contained 0.05 mg/ml dextran 


sulfate. 


REACTION CONDITIONS Binding 
(1074 X cpm/0.1 m1) 


I. Pre-Dialysis Nuclear Extract (FII)* 


A. Alone 3.4 
B. Dextran Sulfate 3.7 


II. Post-Dialysis Nuclear Extract (FIII)** 


A. Alone | 2.7 
B. Dextran Sulfate 2.8 


III. Dextran Sulfate (no extract)*** 


aA (NH, 0.06 
B. without (NH, ),S0, 0.09 


*FII is in buffer containing 0.2 M(NH, )»S0, » as is the corresponding 
dextran sulfate incubation. 

**FIII and the parallel incubation with dextran sulfate are in "DNA 
Binding" incubation conditions but without rotation. 


~***Buffers were as for FII except with and without (NH, )S0,- 
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been previously bound with p25 


I]T, did not have reduced hormone 
binding in the presence of dextran sulfate. 

There was considerable variability in the competitive inhibition 
by RNA (Fig. 40), although none was as effective as DNA. Cytoplasmic 
RNA (predominantly ribosomal) and nuclear RNA were the more avid 
competitors; whereas inhibition by tRNA was significant at the con- 


centrations used. 
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Figure 40 


RNA Binding of Complexes. ['251]T,-Receptor 
complexes (4 X 107!! M) were incubated as described in the Materials 
and Methods except that the final pH was 8.0 and increasing concen- 
trations of tRNA (@—A), nuclear RNA (Q—0), cytoplasmic RNA 
or calf DNA (@—) were added. The values shown are the mean and 


S.D. of quadruplicate determinations. 
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CHAPTER FIVE 
DISCUSSION 


In the present studies the emphasis has been on examining the 
interactions of the solubilized thyroid hormone receptors with puri- 
fied DNA. However, before embarking on this study, it was important 
to know that sufficient information implicated.the intranuclear re- 
ceptors as mediators of thyroid hormone responses and that thyroid 
hormone-binding components in other cellular fractions did not appear 
to be more likely candidates for such a role. Therefore, initial 
studies were directed at the total cellular uptake of thyroid hormone 
by cells, distribution in cell fractions, and T, binding by the cyto- 
sol fraction. 

Under growing conditions, specific binding of T, in whole cells 
or in fractions from cells incubated with T, before fractionation was 

, not detected. In the presence of excess "cold" T3; greater (rather 
than less) binding was seen in all but the cytosol fraction. This 
phenomena was attributed to either co-operativity of the T, for low 
affinity binding (as seen in other hormone systems (79)) or precipi- 
tation or aggregation of the hormone in membrane fractions at high 
concentrations. It was concluded from these studies that in HTC cells, 
receptors would not be detectable through an examination of gross 
cellular uptake. | 

The specific T, binding by cytosol from HTC cells and rat liver 
wa. then examined by incubation of the fraction directly with T3. 
When the binding data were analyzed by the Scatchard method, no con- 


clusions could be made as to the number of binding components present. 
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A rough indication of the affinity was estimated from the molarity 


of the free hormone at half-maximal saturation of the binding sites. 
Using this approximation HTC cell and rat liver cytosol have a 


° M. This value is close 


similar affinity for the hormone of 4 X 10" 
to that reported by Dillman et al. (2.3 X 10°? m) (35). As discussed 


earlier, other workers have reported T. and/or Ty binding in rat 


liver cytosol (33-37). Some sieteisianinn have found evidence for 
several binding components by using electrophoretic methods (34,37). 
Dillman et al. (35) published a linear analysis of their. binding data 
which showed the one specific component mentioned above and another 
of very low affinity. This data is. in disagreement with Defer et al. 
(36) who reported positive allostery in the T,-cytosol interaction 
(based on a sigmoidal “saturation" curve). 


The fact that the major T,-cytosol binding has an affinity which 


3 
is roughly several orders of magnitude lower than the concentration of 
free hormone in the circulation might lead to the conclusion that this 
binding is not involved in the hormone's response. This conclusion 

is not necessarily valid since the hormone response could occur at 
concentrations which saturate the receptors to only a very limited 
extent. This has quite clearly been shown with the insulin receptors 
(81) and is probably true for other polypeptide hormone receptors. 

In contrast, the steroid hormone receptors show a much closer corre- 


lation between the proportional saturation of the receptors and bio- 


logical response. Studies using thyroid hormone-active analogs of 
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known biological potency was used as another indication of whether the 
T4-binding by cytosol might be involved in thyroid hormone action. 

The ability of several analogs to compete for radioactive T, 
binding in cytosol was tested. As indicated in the results, there 
were poor correlations between the ability of an analog to inhibit 
radioactive T, binding by the receptor, and the analog's biological 
potency: T, binding activity was about the same as that for Ty> where- 
as T3 has a biological activity which is 10 times higher than Tq3 and, 
the dimethyl-isopropy] substituted compound had a weaker binding than 
trimethylthyronine, but has a higher biological activity. Dillman and 
colleagues (35) found that the cytosol binding of several other analogs 
(different from those we tested) also did not correlate with their 
biological activity. These analog competition studies provide the 
strongest evidence that the major cytosol binding observed is not 
likely to be involved in thyroid hormone action. The data is limited, 
and does not exclude the possiblity that a subpopulation of molecules 
in the cytosol have a "receptor" function. oe 

At the time of these studies, T, binding sites were reported to 
have been found in nuclei. The nuclear binding sites appeared to have 
properties more consistant with their involvement in the thyroid 
response e.g., a higher affinity and correlation of binding with 
the T,-growth-response. The nature of the interaction of T, with 
these nuclear "receptors" then became the focus of study: equilibrium 


constant(s); number of sites; and influence of the hormone on the 
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the number of sites. We found that the equilibrium association con- 
stant, by both binding and kinetic analysis, and quantity of receptors 
are in excellent agreement with the data determined by Samuels and 
Tsai (20,21). We found an affinity for the nuclear sites higher 

than those reported by Oppenheimer and colleagues (50), by Thomopoulos 
and colleagues (48) and by Tata (33). We found that the binding - 
reaction is not linear at higher concentrations of nuclei and is 
sensitive to such conditions as temperature, pH and salt (49). 
Differences in the apparent affinity determined by various groups may 
be due to these variables. 


It is unlikely that the nuclear binding sites reported by Tata 


are the same sites reported here and with Spindler et al. (49). Tata 
(33) reported constants based on equilibrium analyses which were per- 
formed after ten min of a 2° incubation of hormone with the receptor; 
under his conditions we would find no specific binding. Tata finds 
greater nuclear capacity than we determined although he was examining 
the binding under conditions in which an underestimate would be 
obtained. If an extrapolation of his data to equilibrium is made the 
resulting capacity would be at least 10 times greater than that we 
have determined. Since the cytosol binding sites we have examined are 
present in vast excess of the nuclear binding sites, it is likely 
(but not established) that he was examining binding by a component 
similar to these. 

The collaborative Studies with Spindler (49) included a kinetic — 
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analysis of the T, binding reaction which support the conclusions 
made from the equilibrium studies. The rate association of thyroid 
hormone with the receptor was found to be proportional to the concen- 
trations of T, and unbound receptor, whereas the rate of dissociation 
was found to be proportional to the concentration of bound complex. 
Further, the apparent equilibrium association constant, calculated 
from the ratios of the rate constants was found to be in excellent 
agreement with the value determined by the equilibrium data. These 
considerations supported the idea that the reaction of thyroid hormone 
with its receptors corresponds to a simple reversible reaction of T, 
plus receptor reversibly forming triiodothyronine-receptor complex. 
In these studies, it also appeared that thyroid hormone interacts 
with its receptors without apparent cooperativity. Nevertheless, 
the thyroid hormone response could exhibit cooperative kinetics at 
steps distal to the hormone-receptor interaction. 

After a characterization of the nuclear binding reaction, atten- 
tion was directed at whether the thyroid hormones , like many other 
regulatory proteins (e.g. steriod hormones in eukaryotes (59)), 
influence the nuclear localization of its receptors. The earlier 
experiments performed by me, and the subsequent experiments performed 
in collaboration with Spindler, suggested that the nuclear content 
of thyroid hormone receptors is not influenced by physiological levels 
of the hormone. The lack of influence of the hormone on the number 


of nuclear binding sites suggests that thyroid hormone does not promote 
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| nuclear localization of receptors or regulation of receptor levels. 


These finding are in apparent contradistinction with the findings of 
Samuels and colleagues (20) who presented data suggesting that thyroid 
hormone administered to cultured GH cells increased the quantity of 


subsequent cell-free nuclear binding. It is quite possible that these 


differences will not be seen when the cell-free binding reaction is 


performed under conditions of greater receptor stability. 
The content of binding sites in isolated chromatin (on a mg 

DNA basis) appears to be identical to that in isolated nuclei, indi- 
cating that the hormone probably does not act by removing receptors 
from or adding them to chromatin. Therefore the action of thyroid 
hormone on its regulatory protein may be an exception to the common 
pattern whereby the "directing" ligand binds the regulatory protein 
and influences whether or not it is associated with the genome: the 


steroids in general promote the nuclear binding of their receptors (59); 


cyclic AMP-binding protein in bacteria promotes the binding of its 
receptors to the genome; and, the inducers of the lactose-operon remove 
a negative regulatory protein from the genome. However, there is at 


least one system in which an inducer does not alter the concentration 


| of its binding protein on the gene. This occurs in the regulation of 


the arabinose operon (in bacteria) where the inducer apparently causes 


a translocation of the regulatory protein (Ara-C gene product) from 


-one site (where it is a repressor) to another (where it acts as a 


positive element) (68). Of course, no information is available in 
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this respect regarding thyroid hormone. However, if T, does act 
through binding to these chromatin "receptors", it is likely that 
the hormonal influence is on properties other than whether the 


receptor is present is chromatin. 


Attention was next directed to the question of whether the 
receptor is a DNA binding protein. Studies of the distribution of 
T,receptors in fractionated chromatin provided an indication that it 
could be the DNA component of chromatin which is responsible for receptor 
localization in chromatin. When the shearing of chromatin resulted 
in fractions with similar protein ratios, there was a rather random 
distribution of receptors. However, when the chromatin was sheared 
so that fractions were separated which varied in their DNA-protein 
ratio, the receptors were found to be preferentially concentrated in 
the fractions which were more enriched in DNA. In order to study the 
binding of receptors to DNA, conditions were developed for solubilization 
of the receptors from nuclei and the formation of stable T,-receptor 
complexes. | 

The thyroid hormone receptor is a DNA-binding protein. This was 
demonstrated by two rather different types of assay. First the 
agarose gel-filtration technique was employed which separates (on the 
basis of size) DNA and proteins associated with it from receptors and 
T, not associated with DNA. The T, (radioactive) eluted with DNA when 
the T, had been bound to the receptor before incubation. 


3 
Free T3 was shown not to bind to DNA, when alone or in the presence 
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of proteins such as BSA, a heated receptor preparation or a nuclear 
extract devoid of receptors (mostly histones). Therefore, the apparant 
association of T, with DNA requires the receptor. Since a crude extract 
was used for these studies, it is possible that other proteins present 
could promote DNA binding of the receptor. Even if this is the case, 
the likely conclusion is that either the receptor-T, complexes alone 
or associated with other components, ultimately bind to DNA. An answer 
to the question of how many components in the extract are needed for 
this DNA binding will require the use of purified receptors. Prelimin- 
ary experiments using receptors which had been partially purified 
by DEAE-Sephadex and subsequent phosphocellulose chromatography do 
retain an ability to bind to DNA (60). 

DNA binding does not appear to be a general feature of proteins 
which interact with T3- We found (by the agarose method) that T, when 
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associated with plasma proteins does not bind to DNA; and, more recently, 


Defer et al.(36) (using our conditions) found that thyroid hormone 
binding proteins isolated from cytosol do not associate with DNA. 
(These workers also were able to repeat our result indicating that 
the nuclear receptors do bind to DNA. ) 

A second way to demonstrate DNA-receptor binding utilized DNA 
immobilized on a cellulose support matrix. After incubation of receptors 
with the DNA-cellulose, the DNA-cellulose was easily pelleted, and the 
amount of bound radioactivity associated with it quantified. 


More characterization of the nuclear extract was desireable. We 
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had found earlier (for the agarose studies) that essentially all of 

the radioactivity bound by the extract was specifically associated 

with the receptors. Thus, 90% of the macromolecular-associated counts 
could be inhibited by nonradioactive T,. In addition, it was determined 
that the extract was incubated with hormone under conditions that 
achieved equilibrium and saturation of binding. Finally, it was shown 
that the dialysis step which followed, removed the free T3> but did 

not significanly reduce the macromolecular-bound hormone. 

Several properties of the DNA-cellulose assay were examined. 

Some agitation was necessary to make DNA-cellulose particles available 
to the receptor complexes. A slowly-moving wheel was found to maintain 
the DNA-cellulose in suspension and, thus, achieved this purpose. The 
association of receptors with DNA-cellulose was much greater than with 
cellulose alone. However, contro] reactions always included a cellu- 
lose blank which was subtracted from the total binding. This blank 
ordinarily represented about 15% of the total binding. 

The low "background" binding to cellulose is due to the washing 
procedure. Following incubation of the hormone with DNA-cellulose 
several washes removed essentially all of the radioactivity associated 
with cellulose, while much less of that associated with DNA-cellulose 
was removed. "DNA binding" (the difference between the binding to DNA- 
cellulose and cellulose) was reduced by only 20%. Additional experiments 
showed that the complexes incubated with DNA-cellulose could be 


accounted for by the complexes remaining in the supernatant medium 
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and the complexes bound by DNA-cellulose. This provided another 
indication that the assay was reasonably efficient. Kinetic studies 
demonstrated that the experiments were performed at times of optimal 


T,-receptor uptake. An examination of the effect of pH revealed that 


‘the experiments were performed under nearly optimal conditions. Of 


interest was that the pH profile of T,-receptor association with 

DNA essentially followed the pH profile of the T3 binding to the receptor. 
The T,-receptor complex interaction with DNA appears to be real 

and was not due to DNA-induced aggregation. First, after incubation 

with DNase, the DNA binding was not observed (shown by the agarose 

method). (The receptor binding by DNA was not abolished by RNase. ) 

Secondly, the binding of T,-receptor complexes to DNA-cellulose could 


be inhibited by soluble DNA added simultaneously to the incubation 


mixture. 


The salt sensitivity of the binding reaction was performed to 


determine whether this reaction can be observed at physiological con- | 


ditions.’ More non-specific DNA-protein interactions may occur at lower 
ionic strength but not be observed at physiological ionic strength. 

It was found (preliminarily by the agarose method and conclusively 

using DNA-cellulose) that the binding was optimal at about 0.1 M NaCl, 
and about 70% of optimal at physiological ionic strength (about 0.15 M). 
Thus, the binding of the thyroid hormone receptors is readily observed at 
physiological ionic strength, in marked contrast to the DNA-binding 
steriod cucentors. Steroid hormone binding to receptors is extremely 


salt sensitive (88), and is not clear that the affinity is actually 


high enough to account for the steroid receptor binding observed in 


the nucleus of the intact cell. The fact that the T -receptor DNA 


interaction is only partially inhibited by metal bia also argues for 
"tight" enough binding to account for receptor localization in chro- 
matin. Steroid receptor-DNA interactions are inhibited as much as 
90% by only 1-2 mM ca or Mg, whereas the T,-receptor interaction 
was reduced to 50% only at concentrations of 5-10 mM. 

Experiments were performed to determine whether all of the 
solubilized T,-receptors could bind to DNA. This question was of 
particular interest because it has been postulated that only half 
of the progesterone receptors bind to DNA and the other half re- 


quire other acidic nuclear proteins and then associate with chro- 


matin (89). Experiments in which limiting amounts of receptors and 
progressively increasing amounts of DNA were used, indicated that 
although the average of three experiments was 77%, up to 97% of 
the solubilized T,-receptor complexes could bind to DNA. Therefore, 
it appears that possibly all of the thyroid hormone receptors can 

bind to DNA and that subpopulations are not distinguishable by 

these criteria. 

The potential capacity of DNA for binding the complexes (although 
extremely interesting) could only be studied in a very limited man- 
ner. The need for caution in interpretation of such studies was 
forwarned by the studies with other hormone receptors. These workers 


reported that apparent saturation curves can be produced when both 


receptor and other proteins are increased simultaneously (86, 87). 
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Indeed, when this experiment was performed using constant DNA and 


varying the concentration of free T,-receptor complex, by varying 


the total amount of nuclear extract added, and "apparent saturation" 


- function was obtained. Further experiments, however, suggested 
that this “apparent saturation" did result in an underestimate of 
the capacity of DNA for binding the complexes since preparations 


which were devoid of receptors due to either heat denaturation or 


QAE-Sephadex chromatography were able to inhibit T.,-receptor com- 


3 
plex binding by DNA. The "saturation" value can give a minimal 
estimate of the capacity of DNA for binding the receptors; I found | 


that up to 13 pmoles of ¥-receptor complexes could be bound per 


mg DNA. This would correspond to at least 80,000 DNA binding 
sites per diploid amount of DNA. Therefore these studies would 
suggest that the number of sites on DNA is quite large and in vast 
excess of the few thousand receptors which are present in nuclei 
of target cells (20,49,55) of course, it is not known how many of 
these sites would be available for receptor binding in intact 
chromatin. 

The question of specificity was also approached by measuring 
the relative avidity of different DNAs for binding the receptors. | 
These comparative studies were performed utilizing a competition 
analysis. Soluble competitor was added to the DNA-cellulose in- 
cubation and the ability of the competitor to inhibit the binding 
of complexes to DNA-cellulose was measured. The control for each 


of these experiments was calf DNA (the same DNA as on the cellulose). 
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By this method the avidity of soluble polynucleotides for the re- 
ceptor complexes could be evaluated regardless of whether the inter- 
actions of the receptor with DNA-cellulose are specific or nonspecific. 
Utilizing the competition technique, I found that DNAs from two 
mammalian species, rat and calf, show equal avidity for binding the 
receptors. Further, I found that B. subtilis (a bacterial DNA with 


a similar content of guanine and cytosine) was almost as good an in- 
hibitor of DNA-cellulose binding as calf or rat DNA. Similarly, no 
difference between the binding of lambda and calf DNA could be de- 


tected when measured directly by the agarose technique. Since the 
bacterial and phage DNAs are much less complex, the possibility for 
generation of unique sequences on a random basis is markedly dim- 
inished (90). Therefore, it seems unlikely that most of the sites 
are specific ones generated randomly, and more likely that the DNA- 
binding observed is mostly non-specific (reflecting a general affin- 
ity of the receptor for binding double-stranded DNA). Unfortunately, 
experiments examining a less complex DNA (from SV-40) were not suf- 
ficiently clear to make any interpretations. 

The question of a general affinity of the receptors for DNA was 
also explored by the use of synthetic polynucleotides. In contrast 
with the natural DNAs, several synthetic polynucleotides were found 
to be much less avid competitors for DNA-cellulose binding, suggesting 
that they have a markedly lower affinity for the receptors. For ex- 
ample, poly (dA) showed no significant capability to compete. These 


studies suggest that whereas there may be numerous sites on native 


DNA for binding the receptors, the base composition and/or confir- 
mation of the DNA is important for receptor binding. 

In exploring the properties of the DNA-receptor interactions, 
I also found that the polyanions dextran sulfate and heparin were 
able to inhibit receptor binding by DNA-cellulose. Dextran sulfate 
was shown to not inhibit the interaction of ', with the receptor. 
(Heparin also inhibits RNA polymerase binding (91).) By contrast, a 
similar concentration of ATP or GTP was not inhibitory. This in- 
dicates that these receptors can bind to molecular species with a 
high carge density. 

It was of special interest to know what avidity the receptor 
has for RNA because the receptor has been postulated to have a post 
transcriptional role (poly A polymerase activity) (92). Cytoplasmic 
and nuclear RNAs were capable of inhibiting DNA-cellulose binding, 
but the concentrations required were much higher than those of 
natural DNAs. The receptor having a much higher avidity for DNA 
than RNA is also consistent with the earlier mentioned result that 
the receptor selectively distributes itself in chromatin fractions 
which are enriched in DNA, but that fractions enriched 20-fold in 
nascent RNA chains do not contain an enhanced concentration of 

receptors (62). 


Some DNA-binding proteins bind more avidly to nicked or single- 


stranded DNA (93); this is especially true of E. coli RNA polymerase 


(94). This question was explored with the T,-receptor, by comparing 


the competitive abilities of sheared DNA and denatured DNA with 
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unsheared native DNA. Shearing does not appear to influence receptor 
binding, and no clear differences were seen between denatured and 
native DNA. (There may be a slight preference of the receptors for 
native DNA.) 

Since the number of sites on DNA for binding the receptor greatly 
exceeds the number of receptor per cell, and most likely exceeds the 
number of loci regulated by the hormone, each bound receptor may not 
correspond to a distinct site of regulation. Many of the receptor 
complexes are probably bound to regions of DNA where they may not act, 
at least on transcription. This idea is also supported by the studies 
using chromatin, fractionated after endonuclease shear, in which 85- 
90% of the receptors and 90% of the DNA were in the transcriptionally 
inactive chromatin (62). . 

These considerations raise the important question of how the 
thyroid hormone receptors find actual sites of action. If receptors 
act while bound to DNA, then at least two major possibilities should 
be considered. First, DNA binding could all be nonspecific. Then, 
only the general affinity for DNA would localize receptors at impor- 
tant places. In this event there would be a low probability of a 
given receptor being located at a physiologically important site of 
action. 

Alternatively, receptors could have a higher affinity for cer- 
tain sites in chromatin due to specific sequences or to other chro- 


matin proteins or influences. Then, receptors would have a better 


chance of localizing at the specific sites in spite of extensive 


nonspecific binding. 
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Often known prokaryotic mechanisms are used as models for eu- 
karyotic systems. Such examples indicate that the affinity for speci- 
fic sites may be much higher or quite similar to that for "general" 
DNA binding. In prokaryotes, some proteins have evolved, such as 
the lac repressor (95) or the phage lambda repressor (96), which 
have an affinity for specific sites which is orders of magnitude 
higher than their general affinity for DNA. However, another regu- 
latory protein, the cyclic AMP-binding protein, appears to have only 
a modestly increased affinity for promotor-containing DNA on which 
it acts (97,98) as compared with other DNA. Clearly more extensive 
studies utilizing purified receptors and methods for fractionating 
eukaryotic DNA (that are yet to be worked out) will be required to 
distinguish between these possibilities. 

The available data on the thyroid hormone receptor do not allow 
a distinction between these models. However, the data suggest why 
there are several thousand receptors in each cell even though the 
number of specific responses to thyroid hormone is probably much less. 
The large number of receptors would be required to increase the 
probability of localization at sites of action (in the first case) 
or to overcome the nonspecific binding effect of reducing the concen- 
tration of receptors available for binding to the specific sites 
(in the second case). 


Since the thyroid and steroid hormone receptors are among the 


few proteins identified to date which appear to regulate specific 
functions at the chromatin level, it is of interest to compare them » 
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with respect to the nature of their interactions with DNA. Thyroid 
hormone receptors appear to bind more tightly to DNA than do steroid 
receptors as shown by the steroid receptors’ greater sensitivity to 
increasing ionic strength, and much faster kinetics of dissociation 
from DNA-cellulose. Under conditions similar to those of Fig. 29, 
which result in a loss of about 20% of the thyroid hormone receptors 
after the second wash, almost all of the glucocorticoid receptors 
are removed (99). Some data with steroid responsive systems suggest 
that there is an influence of protein or other factors in addition 
to DNA (59,77). This question has not been adequately explored in 
the case of thyroid hormone receptors. | 
Thyroid and steroid hormone receptors also differ with respect 
to the hormonal requirement for chromatin association of the receptor. 
For example, steroids stimulate binding of their receptors to nuclei, 
chromatin or DNA (38,59,87).. The question of hormonal dependency for 
DNA binding of thyroid hormone receptors was not directly explored 
in these studies. However, the content of receptors in chromatin 
is similar in the presence and absence of the hormone (44,49). If 
thyroid hormone receptors localize in chromatin because of DNA bind- 
ing then it is likely that thyroid hormone is not required for the 
DNA binding reaction. The hormone could possible act by producing 
a localized conformational change or the transposition of the recep- 


tor to a new chromatin site; either case could involve association 


of the receptor protein with other (structural and/or regulatory) 


proteins. 
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In summary, the present investigations suggest that the nuclear 
receptors for thyroid hormones are, among the proteins presently 
identified, the most likely mediators of thyroid hormone action. 

They are tightly associated chromatin proteins. The data indicates 
that their localization in nuclei is not dependent on the hormone 

and is not regulated by the hormone. The thyroid hormone receptor 

is a DNA-binding protein and it may be the DNA component of chromatin 
which is responsible for the localization of the receptor in chromatin. 
However, there is no information available as to whether other proteins 
or conformations of the DNA in chromatin also enhance this binding 
capability. 

These studies also support the possibility that thyroid hormone 
is acting on the nucleus and that it is the DNA which is the site of 
control by thyroid hormones. Since many macromolecular species | 
(nuclear RNA, ribosomal RNA, specific proteins, see Introduction) are 
regulated by thyroid hormones, it would seem that the most likely 
locus of regulation would be at the level of transcription of DNA 
into RNA. Even though the systems are available for the investigation 
of this question, a great deal more study is necessary for substantia- 
tion. Most importantly, the thyroid hormone receptor is perhaps the 
only regulatory molecule presently identified as an intrinsic 
chromatin protein involved in the regulation of the activity of 
specific genes. As such, continued study of this protein should 


- provide a great deal of information about the nature of DNA-protein 


interactions in the regulation of gene expression in mammalian systems. 


| 
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